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Abstract
In fiber-reinforced polymeric-matrix composites, the fiber/matrix interface plays a key role in transferring
loads from the fibers to the matrix through shear. In this project, we investigate numerically two tests, used
to characterize the normal and shear interfacial failure of a carbon fiber/epoxy matrix system.
The first part of this study is devoted to the simulation of the microbond test, in which, a drop of epoxy
deposited on a carbon fiber is subjected to a longitudinal load, which eventually leads to the shear failure of
the interface. An axisymmetric finite element analysis is carried out with ABAQUS [2] CAE to extract the
parameters (failure strength, fracture toughness, friction coefficient and the final displacement to failure),
that define the cohesive failure model used to simulate the initiation and propagation of the crack front
along the interface. Emphasis is placed in this study on characterizing the interfacial failure properties of
three composite systems, defined by the surface treatment of the carbon fiber. Special care is taken to
capture accurately, the shape of the epoxy bead, and in particular, the meniscus created by surface tension
effect during the deposition of the bead on the carbon fiber. The nonlinear finite element analysis also takes
into consideration, the residual stresses present along the fiber/matrix interface due to the mismatch in the
coefficient of thermal expansion between the fiber and the matrix.
The parameters defining the bilinear cohesive failure law are extracted through a comparison between
numerical predictions and experimental measurements of the axial force vs. displacement curve. The cohesive
model is then validated by simulating the shear failure of other bead/fiber systems with the same surface
treatment. Results show a very strong dependence of the interfacial failure strength and fracture toughness
on the surface treatment of the carbon fiber. The numerical analysis also investigates the sensitivity of the
solution on the cohesive model parameters.
The second part of this study involves a detailed 3D linear finite element analysis, again using ABAQUS
[2] CAE, of the cruciform test, which aims at extracting the transverse (normal) failure property of the
fiber/matrix interface. The focus of the work is placed on investigating the effect of key geometrical param-
eters, such as the thickness of the cruciform specimen and the gap between the fiber and the face-sheets, on
the ratio between the maximum transverse traction acting on the fiber and the maximum principal stress
ii
present along the fillet of the cruciform. This ratio plays a critical role in determining the location of the
failure process, and therefore, the success of the experiment. We show numerically that, while the thick-
ness of the specimen does not seem to affect that ratio, decreasing the distance between the fiber and the
face-sheets strongly favors a fiber/matrix interface failure.
iii
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Chapter 1
Introduction
1.1 Fiber reinforced composites
Carbon Fiber Reinforced Plastics (CFRP) constitute a class of composite materials in which carbon fibers
are embedded in a polymeric matrix, often epoxy. While the fibers contribute to the strength and stiffness of
the material, the matrix contributes to the load distribution, toughness, corrosion and chemical resistance.
of the composite. CFRPs have proved their usefulness in aerospace structural applications and have become
increasingly popular in other engineering fields like automobiles, sporting goods, civil structures, etc. One
method of manufacturing CFRPs is to lay carbon fiber sheets into a mold shaped as the final product and
to fill the mold with the matrix. This setup is allowed to cure either in vacuum or by compression, thus
forming an interface between the fiber and the matrix. The load taken by the fiber is transferred to the
matrix via shear at the interface. Since it plays a key role in the load transfer, the interface strength is very
important to estimate the performance of the composite.
Usually fibers are subjected to different surface treatments to prevent handling-induced damage and to
improve their adhesiveness to the matrix. One such surface treatment is called sizing, in which a protective
coating is applied to the fiber. The sizing has two primary components called the former and the coupling
agent. The former protects the fiber, and the coupling agent improves the strength of the fiber/matrix bond
[8]. Since these treatments play a role in the fiber/matrix bonding, they influence the properties and the
strength of the interface as well.
Due to the impact of the fiber/matrix interface on the performance of the CFRP, multiple tests have
been proposed to extract the interfacial failure properties. A brief description of four of them, namely, the
pushout, fragmentation, microbond and cruciform tests, is provided next, followed by a detailed review of
the literature on the two tests of interest in this work, i.e., the microbond test and the cruciform test.
1
1.1.1 Pushout test
The fiber pushout test has a composite sliced normal to the fiber direction and placed on a support with
a hole through which the fiber can be pushed out as shown in Figure 1.1. A spherical or cubical indenter,
with its cross-sectional dimension about 60-90% of the fiber radius, applies a gradually increasing load on
the fiber, and the load and fiber displacement are recorded. The specimen is then unloaded and the fiber
displacement is recorded again and force-displacement curves are plotted for both segments. These curves
help in determining the frictional coefficient and the residual radial stress along the interface [4]. The typical
applied load vs. displacement curve is shown in Figure 1.2.
Figure 1.1: Schematic of the fiber pushout test (taken from [4]).
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Figure 1.2: Typical curve of applied load vs. displacement obtained in the fiber pushout test (taken from
[5]).
1.1.2 Fragmentation test
The fragmentation test has a dogbone-shaped specimen with the fiber in the center encapsulated by the
matrix as in Figure 1.3. The specimen is then put in a tensile testing machine and pulled slowly such that
there is a uniform tensile stress distribution. The strain in the specimen is observed using strain gages while
the fragmentation, that occurs in the specimen, is observed under a microscope. The interfacial adhesion
parameter is calculated from either the distribution of fragment lengths using a force balance approach given
by the Kelly-Tyson model [9], or by the measuring the debonding length using energy balance schemes [6].
Figure 1.3: Schematic of the fragmentation test (taken from [6]).
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1.1.3 Microbond test
The microbond test has a fiber with the matrix attached to it like a droplet as shown in Figure 1.4. The
matrix drop covers a certain length of the fiber called the embedded length. A vise is placed perpendicular
to the fiber axis in contact with the matrix bead to obstruct the movement of the specimen to cause interface
failure in shear. The reaction force (RF ) vs. displacement (U ) curve is plotted. Comparing this curve with
the curve generated from simulations allows to extract the cohesive failure parameters and shear strength
of the interface.
Figure 1.4: Schematic of the microbond test.
1.1.4 Cruciform test
The cruciform test has a fiber at the center of the matrix shaped in the form of a cruciform. The four corners
of the cruciform are filleted to prevent the occurrence of stress singularities at the corners. The specimen is
loaded in the normal direction to the fiber axis and the stress at the interface is calculated. This enables us
to calculate the interface strength in the normal direction. The schematic of the cruciform test is shown in
Figure 1.5.
4
Figure 1.5: Schematic of the cruciform test.
1.2 Literature review
1.2.1 Microbond test
The microbond test was first conceptualized by Miller, Muri and Rebenfeld [10] in 1986 as a means to
determine the strength of the fiber/matrix interface. The experimental method used till then was to embed
a part of the fiber in a pool of the matrix, allow it to harden and pull the fiber perpendicular to the resin
surface. But the authors noted the following limitation for very fine fibers: when the required pullout force
exceeded the breaking strength of the fiber, the fiber ruptured before pullout occurs because of the very high
embedded length. In this case, the pullout strength could not be determined accurately. Another difficulty
noted by the authors was that, when the fibers were immersed in the matrix, the meniscus formation caused
5
a difference in the thickness distribution of the matrix over the fiber with the meniscus region being thinner.
This lesser thickness at the meniscus region caused it to rupture (cohesive failure) before the debonding
occurred at the interface (adhesive failure). The microbond test was developed as a solution to these two
problems.
In this test, a drop of matrix is deposited on the fiber such that the matrix bonded to the fiber axisym-
metrically and is left to cure. The diameter of the droplet determined the embedded length of the fiber.
The minimum embedded length determined for the samples taking practical difficulties into consideration
was approximately 40 µm. The specimen is loaded in an Instron tensile tester with a microvise, which is
made of two metal plates. At the beginning of the test, the plates are adjusted to be in contact with the
either ends of the matrix drop such that the fiber passes through a slit. When the fiber is pulled up a
downward force was exerted on the matrix drop such that debonding occurres at the interface. The authors
concluded that this method was satisfactory to determine the strength of the fiber/matrix interface because,
up to a particular limit, the debonding force was found to be proportional to the interface area. The authors
used this method to study the interface strengths of materials like E-glass and Kevlar with epoxy as the resin.
Ash et al. [11] simulated the microbond test on glass fiber/polymer matrix composite system to calculate
the interface stresses and to study the influence of bead geometry on the stresses along the fiber/matrix
interface. The geometry of the bead was given great emphasis and the meniscus geometry of the matrix
bead was brought about using the mathematical formulations given by Song et al. [12] in 1998. They laid
emphasis on the effect of the interphase stiffness on the stresses at the interface, where the interphase was
defined as the part of the matrix that was in contact with the fiber. The thickness of the interphase was
given to be 3 µm.
Parametric studies were conducted by varying the vise angle and the interface properties and the effects
on the stresses at the interface were observed. They noted that differences in bead geometry and the lo-
cation of the vise affected the resulting stress fields at the interface significantly. Also, the authors noted
that the combined stress state decreased with an increase in the vise angle, which implied a larger force
was needed to cause failure at the interface when the vise angle was increased. They also observed that, as
the stiffness of the interphase decreased, the von Mises stress reduced and vice versa, but this effect of the
interphase stiffness on the stress state was small when compared with the effects of the vise angle on the
stress distribution.
Recent work by Nishikawa et al. [13] was aimed at understanding the mechanism of debonding and failure
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at the fiber/matrix interface. Experiments were conducted on specimens of T800S carbon fiber and epoxy
resin and the matrix cracking process was observed. To understand the underlying mechanism of the matrix
cracking, a finite element study was undertaken as explained in the next paragraph. It was observed that
matrix plasticity played an important role in determining interface properties. It was also noted that the
position of the matrix cracking depended on the position of the knife-edge, which in turn caused a scattering
of the experimental data. They also tried to come up with a method to extract interfacial properties without
being influenced by the matrix cracking or its plasticity.
As mentioned before, finite element analysis was carried out on an axisymmetric model of the microbond
test to understand the mechanism of the matrix cracking. The model used to describe the interface elements
in this study was called as the Embedded Process Zone model and was mentioned by Hutchinson and Evans
in 2000 [14]. Nine-node isoparametric quadrilateral elements were used to mesh the fiber in the axisym-
metric model while the matrix was modeled with six node triangle elements. Their study concluded that
the location of the knife-edge and the inability to control it played a key role in crack propagation. When
the knife-edge was near the interface, the matrix crack propagated to the interface but when the knife-edge
was far from the interface, the crack propagated only in the matrix bead and not along the interface thus
affecting the stress concentration in the epoxy droplet. In addition, they concluded that the matrix cracking
from the knife-edge was the main reason for the data-scattering from the experiments. They also said that
cracks in the meniscus region of the matrix did not affect the maximum pullout force, but cracks in the
matrix from the knife-edge did decrease the pullout force.
Pandey et al. [15] simulated the microbond test and studied the effects of blade separation and geometry
on the interface stress fields in a carbon fiber/epoxy matrix system. They modeled the test both in two and
three dimensions and compared the results from both cases. In addition, they went a step further in 3D
analysis and introduced friction between the blade and the epoxy bead and compared the results with the
frictionless case between the blade and the epoxy bead. The authors modeled the 2D model with 3- and 4-
node bilinear axisymmetric elements and the total number of elements was about 12,000. For the 3D model,
the authors constructed a quarter of the fiber-matrix system and a half of the blade. This construction was
revolved to get the 3D model of the system. This model was meshed using 8-node linear brick elements with
mesh refinement to get a total of about 29,000 elements.
The authors noted that the blade separation and the blade geometry affected the stress distribution at
the fiber/matrix interface. They observed that an increase in the fillet radius of the blade caused a decrease
in the peak stress at the interface, but the average stress remained a constant. It was also observed that, as
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the separation between the blade and the interface increased, the peak stresses decreased while the average
stress remained constant along the interface. Since failure initiation corresponds to the peak stress, it was
noted that differences in blade geometry and blade separation from the interface affected the peak stress
thereby causing differences in the sheared lengths of the interface. This difference in the sheared lengths in
different cases caused scatter in the calculated values of the interfacial shear strength (IFSS).
The authors found that the 3D model calculated the stresses at the interface with more accuracy and
captured more accurately the loading associated with the microbond test. It was also observed that in the
3D model, the contact area between the blade and the epoxy droplet was lower than that obtained in a 2D
model. As a result, the peak stress at the interface was higher in the 3D model than in its 2D counterpart.
But the stresses at locations far from the interface were almost equal in both models.
Jia et al. [16] simulated a carbon fiber pullout test using ABAQUS [2] CAE. Since this was the simulation
of a pullout test, the authors considered the matrix to be cylindrical and semi-infinite with a fiber of diameter
7µm embedded at the center of the matrix. A very fine mesh was used with the size of each element being
1µm × 1µm. They used a cohesive failure model to characterize the behavior of the fiber/matrix interface,
with both considered as isotropic materials. They did not consider, however, the thermal stresses present in
the epoxy matrix. Their simulation results matched the experimental results from Bogoeva-Gaceva [17] et
al. with a slightly lower debonding force value than the experimental value. They also conducted parametric
studies and identified that the maximum pullout force increased with the crack initiation shear stress and
the fiber radius in a linear fashion, and decreased with an increase in the crack separation displacement.
They also concluded that the effects of Young’s modulus and the frictional coefficient on the debonding force
were negligible.
In their subsequent work, Jia et al. [18] included the effects of residual thermal stresses in the simula-
tions of the pullout test. The tests were conducted on four different types of carbon fibers considering their
anisotropic properties. The matrix was simulated as a semi-infinite body with the fiber embedded in it. The
cohesive interface was modeled using axisymmetric cohesive elements (type COHAX4). The area around the
interface was modeled with elements of type CAX4. The authors identified a cohesive failure model for the
fiber matrix interface by validating it with the experimental results from Bogoeva-Gaceva’s paper [17]. This
was then used to study the effects of various parameters on the fiber pullout. They observed that material
anisotropy affected the residual thermal stress and the interfacial stresses, both axial and radial. So they
clearly mentioned that the anisotropic material properties of the fiber must be used in the analysis. They
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observed that the effect of residual stresses on the debonding force was very small but became significant
after the initiation of debonding. The required debonding force increased after the initiation of debonding
because of the residual thermal stresses. It was concluded that the debonding force increased linearly with
fiber radius, the crack initiation shear stress and the embedded length of the fiber.
Sockalingam et al. [8] reviewed the microbond test and studied the analytical, experimental and nu-
merical approaches applied to study the test. They also reviewed the work done by various authors and
summarized their conclusions pertaining to the experiments and the simulations. They concluded that in
spite of the modeling attempts made till then, a more complex model was needed to account for the mismatch
of thermal expansion coefficients of the fiber and the matrix, the interface debonding, the crack propaga-
tion and the frictional sliding after the debonding. They suggested that using the tiebreak contact and the
cohesive failure model in a commercial finite element environment like LS-Dyna would be a good approach
to generate such complex models. They also concluded that the scatter of experimental data could be a
result of the viscous relaxation of polymer matrix during processing, the inability to control the knife-edge
position, the plastic yielding of the material, etc. They also suggested that more effort be put into modeling
the effects of pre-test curing cycle and the post-debonding frictional sliding behavior.
Ash et al. [19] simulated a microbond test again in 2013 to perform a complete failure analysis rather
than focus on finding the interfacial shear strength or the maximum shear stress, on glass fibers in a ther-
moset polyester resin matrix. In addition, the fibers were analyzed with two different surface conditions:
untreated and treated. The profile of the bead was obtained as text files using equations from Carroll [20].
Three- and four-node bilinear, axisymmetric, continuum elements were used to mesh the geometry. The size
of the elements in the mesh ranged from 0.5µm2 to 2µm2. The authors concluded that the true IFSS can be
calculated by applying Coulomb-Mohr failure theory to the stress fields in the microbond test. They defined
the true IFSS as the interfacial shear strength when the radial stress component was not considered. They
also stated that a study of the full interfacial failure envelope could improve the capabilities to understand
micromechanical failure in composite materials.
Dharsini et al. [21] simulated an analysis on the interface strengths of two interfaces; one between
CFRP/epoxy and the other between concrete/CFRP, where CFRP stands for Carbon Fiber Reinforced
Plastic. Attention was mainly focused on the interface failure and the parameters affecting the failure. They
modeled the specimen with an epoxy band in which the CFRP fibers were embedded. One end of the epoxy
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was bonded with concrete and the displacement was applied at the end of the concrete block. Four node
linear quadrilateral elements were used to mesh the fiber-matrix system. The total number of elements used
for meshing was 374,297. They noted that when the applied load was tensile alone, high stress concentra-
tions were found at the top and bottom of the fibers with some stress at the concrete/epoxy interface. They
concluded that stresses due to tensile loads were more dominant at lower temperatures. As temperature was
raised, the effects due to thermal stresses became more dominant.
Thomason and Yang [22] conducted experiments on glass fiber specimens with epoxy matrix using the
TMA-Microbond testing technique [23] to study the effect of temperature on the interface properties over a
range of 20-150°C. They noted that the IFSS showed an inverse relation to the testing temperature and that
a major increase in the IFSS was observed near the glass transition temperature of the matrix. They stated
that, if the thermal residual stress due to mismatch of the thermal expansion coefficients of the fiber and the
matrix, and the residual stress caused by isothermal cure shrinkage of the epoxy were combined, then the
residual stress at the interface was of the same order as the IFSS. They mentioned that for the polypropylene
matrix, about 70% of the IFSS at room temperature was a result of the residual radial compressive stress,
as found out from a previous study. Similar results were observed for the case of epoxy in that in this case
too, the temperature dependence of the IFSS was very significant and the highest change in the IFSS was
identified near the glass transition temperature region of the epoxy.
1.2.2 Cruciform test
The cruciform test was first developed by Gundel et al. [24] in 1995 to compensate for the limitations in the
previous methods used to study interfacial strength in the transverse loading case. The problem was that
the interfacial radial stresses in the specimen’s interior were compressive while, at the free surface, a tensile
stress singularity was observed, high enough to cause an interfacial failure at the free surface. The new test
specimens allowed for a stress application at the interface before interfacial stresses at the free surface began
to develop.
The authors ran the tests on two specimens, one with SCS-6 SiC fiber and another with a carbon-cored
SiC fiber (ACMF), both with Ti-6Al-4V matrix. Strain gages were used to measure the strain in the spec-
imens and a broadband transducer was used to measure the acoustic emissions from the specimens. The
stress distributions at different locations of the loading arm vs. the position along the horizontal section
were plotted. The authors concluded that this was a successful case of transverse testing where stress at
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the center of the cruciform was higher than the stress at the free surface. They also noted that the interfa-
cial response in the two specimens was different from each other which was not the case with previous studies.
Matakis et al. [25] conducted transverse tensile tests on dog-bone shaped specimens to study the de-
pendence of the fiber/matrix interfacial behavior on the residual thermal stresses, the bond strength and
the matrix properties. The specimen was loaded transversely and ultrasonic testing techniques were used to
observe and study the patterns of the interface failure. They used specimens of titanium matrix with silicon
carbide fibers as the reinforcing agents. The samples were prepared by hot pressing two Ti-6Al-4V sheets
with a SiC fiber, cured at 960°C and 17MPa for 1.5 hours, embedded in the center. The authors conducted
transverse tensile tests on the dog-bone shaped specimens with the fibers perpendicular to the loading axis.
The specimens were loaded step-wise and ultrasonic testing using the shear wave back reflectivity technique
was conducted at the end of each step.
The authors concluded that the interfacial fracture did not happen instantaneously throughout the whole
length of the interface once the stress reaches a particular value. Rather, it started off at some locations at
a low value of stress and gradually grew through the entire interface over a range of the stresses. They also
suggested that this range of stresses depended on the homogeneity of the interface and the stress redistri-
bution that occurred due to the growth of the crack. The authors also studied the effects of the residual
stresses on the behavior of the fiber/matrix interface. They concluded that the difference in the thermal
expansion coefficients of the fiber and the matrix caused a large compressive effect in the specimen while at
the ends of the fiber, the radial stress was predicted to be tensile.
Zhang et al. [7] developed a method to study the growth of interfacial debonding in cuboidal specimens
loaded transverse to the fiber direction, using optical microscopy and a fracture mechanics approach. They
considered two glass fiber/epoxy matrix specimens, one with a surface treatment (CA) and the other without
a surface treatment (NOCA). The CA specimen had a coupling agent added to the liquid size used to surface-
treat the fibers while the NOCA specimen did not. The specimens were prepared as follows: a single glass
fiber was attached to an aluminum frame and this setup was placed between two aluminum mold plates.
The epoxy was then poured into the mold after it is checked for air bubbles and vacuumed. It was cured
for 24 hrs at ambient temperature and at 60°C for 8 hrs. Specimens were cut perpendicular to the fiber
direction and mechanically tested to observe the propagation of the interface failure under the microscope.
The schematic of this work is shown in Figure 1.6.
The authors found that the NOCA specimen had a weaker interface and unstable debond propagation
11
Figure 1.6: Fragmented single fiber specimens in transverse tensile loading (taken from [7]).
in the fiber direction started between the global stress values of 30-40MPa, and in the CA specimens, the
debond happened at the global stress values of 70-80MPa. In addition they suggested that, in the NOCA
sample, the debond shape and its geometry did not change much as it propagated, while in the CA samples,
the debond widened at low stresses and propagated in an unstable manner at high stresses. Finally, they
also observed some local resistance to failure growth at the interface, which they predicted could be due to
local variations in the interfacial toughness.
Corbin [26] studied the effects of the cruciform geometry on the strain distribution in the central section
s of the cruciform under a biaxial loading condition. This was a part of identifying the prospective plain-
weave fabric materials for the Hypersonic Inflatable Aerodynamic Decelerator project of NASA. One of the
materials they considered was Kevlar laminated with Kapton. The author’s main focus was the central
square formed by the intersection of the two long sections. But he considered each section as two arms,
measuring their length L from the center of the specimen, while the width was W. Three variations of the
geometry were tested with L/W ratios of 1, 1.5 and 2. The author assumed two different sets of materials
properties for coated Kevlar fibers, one from Hutchings et al. [27] called Material A and one from one
from Lin et al. [28] called Material B. He ran the simulations using ABAQUS [2] CAE for three different
biaxial displacement loading conditions on the three geometric configurations. The X-to-Y displacement
ratio conditions applied were 1-to-1, 1-to-2 and 2-to-1.
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The author found that increasing the L/W ratio typically increased the uniformity in strain distribution
when Material A was used, except for the case when the displacement ratio was 2-to-1 and the L/W ratio
was 2. He also mentioned that when the displacement ratio was 2-to-1, increasing the L/W ratio to 2
decreased the strain distribution uniformity by about 10%. On the other hand for the Material B, when the
L/W ratio was increased, the strain distribution became less uniform, except in the case with displacement
ratio 1-to-1. The author concluded that, depending on the material properties, increasing the length of the
tail may or may not improve the uniformity of the strain distribution. He suggested having a tail as wide
as the clamping mechanism allows, so that the central square has the maximum possible area to ensure a
uniform strain distribution. He also suggested that an L/W ratio of 1.5 is a good starting point for the
specimen design.
Smits et al. [29] developed a biaxial testing facility exclusive to cruciform specimens and conducted
experimental and computational tests to determine the best possible cruciform geometry for the tests to
be successful. They studied the effects of geometric changes, specifically the thickness and the fillet radius
at the arms, on the strains generated in the specimen. An indicative photo-elastic study was conducted
on isotropic araldite specimen geometries, after which finite element analyses were conducted to study the
effects of geometric parameters on the strains. The first analysis was on the cruciform specimen, made of
araldite, loaded biaxially and the fringe patterns in the specimen were observed using a polariscope. These
studies were carried out before and after attaching duralumin tabs on the arms of the cruciform. The
authors observed that the stress patterns in the arms of the cruciform were symmetric with and without the
duralumin tabs attached.
The next analysis was on glass fiber/epoxy composite specimens with 2.5mm thick tabs attached to the
arms of the specimens. Three different geometries were considered: a normal one (A), one with reduced
thickness in the central zone (B) and one with a notch at the fillet and a reduced thickness in the central
zone (C). The force in the X-direction was 46.2 kN while the force in the Y-direction was 12 kN. They
observed that the principal strains for sample A were high beyond the tabs, but low in the central zone.
The strains in the central zone improved for sample B compared to sample A, but the highest strains in the
central zone were observed for the sample C. The authors concluded that a reduced thickness at the center
of the specimen with a notch at the fillet may help in generating higher strains at the center of the specimen.
Tandon et al. [30] implemented the cruciform test to study the interfacial normal strength of a single
fiber unidirectional SCS-0/epoxy composite. The samples for the test had a SiC fiber (SCS-0) embedded
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in an epoxy resin cured for 3 days at ambient temperature so that there were no thermal stresses in the
specimen. Uniaxial tensile load was applied on the ends of the load arm, first till a value, and then in
increments.
They conducted 3D finite element tests on 1/8th of the geometry by applying symmetry boundary con-
ditions on the planes of symmetry while the outer surfaces were kept traction-free. The matrix was modeled
with 3D 8-node brick elements. Fine mesh was used near the fiber while coarse mesh was used away from
the fiber. A displacement was applied perpendicular to the fiber on the surface of the load arm to simulate
clamped-end conditions. In addition, they studied photo-elastic fringe patterns and acoustic emission ac-
tivity to monitor the initiation of the debonding and the strain in the specimen. The authors were able to
have debonding at the center of the specimen and the stresses were estimated using the measurements from
photoelastic fringes, strain gages and acoustic emissions. They concluded that, in contrast to the central
portion, the free ends had negligible stresses and these values were consistent with the finite element study
results.
In a later work, Tandon et al. [31] modified the cruciform test and included face-sheets (or grips) in
the geometry so as to prevent premature failure in the fillets of the specimen and to cause debonding at
the center of the specimen. They also developed a specimen geometry to simulate and study a combined
transverse and shear loading situation. The authors worked on an epoxy matrix with an uncoated SiC fiber,
cured for three days at ambient temperature so that thermal stresses were removed. The face-sheets were
of epoxy, had round tips and bonded to the loading arms of the cruciform. A tensile load was applied on
the arms till failure. In addition, 3D FEM analysis was performed on the specimen using ABAQUS [2]. The
matrix was meshed with 3D 8-node brick elements and assumed to be perfectly bonded to the fiber.
The authors concluded that the glass-epoxy face-sheets were helpful in increasing the interfacial stress
concentration at the fiber center than at the free edges, and that the stress concentration was localized at
the fiber center than at the fillet section of the specimen. In addition, they concluded that the cruciform
sample with wings inclined to the loading direction was successful in simulating the combined transverse
and shear loading and the mixed mode failure conditions.
Bechel et al. [32] conducted cruciform tests on SCS-0/epoxy specimens cured at room temperature and
high temperatures, AS4 graphite/epoxy specimens cured at room temperature and using E-beam, and finite
element parametric studies to optimize the geometry with and without face-sheets. All the graphite/epoxy
specimens had face-sheets attached to them. The authors conducted a 3D finite element simulation on the
14
SCS-0 fiber specimens and the AS4 graphite fiber specimen. The graphite fiber was modeled as a transversely
isotropic material while the face-sheets were given the properties of glass/epoxy.
They found that SCS-0/epoxy specimens without the face-sheets and cured at elevated temperatures
failed at the fillet and not at the interface. From the parametric studies without the face-sheets attached,
they noted that, an increase in sample thickness increased the interface stress without much effect along
the fillet stress. A decrease in fiber diameter showed a similar result but changes in the fillet radius did
not significantly increase the interface/fillet stress ratio. The authors concluded that the round-tipped face
sheets played a good role in localizing the stress concentration at the center of the fiber and prevented
premature failure at the fillets of the specimen. They noted that curing at elevated temperatures caused a
thermal shrinkage in the samples and increased the interfacial tensile strength when compared with that of
the specimens cured at room temperature.
The reviewed literature provides good insights about the modeling of the microbond and the cruciform
tests. Particularly, the work by Ash et al. [19] and Jia et al. [18] proved to be very helpful in the simulation
of the microbond test. The difference between the present work and [18] lies in the study of the effects of
different surface treatments on the IFSS. The objectives of the present work and its outline are presented
next.
1.3 Thesis objectives
The objectives of the thesis are two-fold:
 Simulate the microbond test on an axisymmetric carbon fiber/epoxy matrix system for three different
surface treatments and identify the cohesive failure properties of the interface for each case. Verify the
cohesive model by comparing the reaction force (RF ) vs. applied displacement (U ) curves obtained
from simulations with those from experiments. Conduct parametric studies to examine the behavior
and stability of the cohesive failure model.
 Simulate the cruciform test on a 3D carbon fiber/epoxy matrix system and identify the location of
stress concentration in the geometry. Perform a parametric study of the geometry to obtain a higher
stress concentration at the fiber/matrix interface than at the fillet.
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1.4 Thesis outline
This thesis is organized as follows: Chapter 2 describes the problem statement of the microbond test, the
experimental procedure and the results obtained from the experiments conducted by Chris Montgomery.
Then the geometric modeling of the meniscus, its meshing and simulation using ABAQUS [2] are outlined.
Chapter 3 discusses the results obtained from the simulation of the microbond test and compares them
with experimental results to validate the cohesive models for the three types of surface treatments. This is
followed by a study of how the cohesive failure parameters affect the stability and behavior of RF vs. U
curve. Chapter 4 details the problem statement of the cruciform test, the experimental procedure and the
results obtained from the cruciform test. Then the simulation of the model and the meshes used for proving
mesh convergence are illustrated. Chapter 5 reports the preliminary results obtained from the cruciform test
and the variations in the geometry for the parametric studies. Then the results from the parametric studies
are put forth and certain conclusions are drawn regarding a suitable geometry for fiber/matrix interface
failure. Chapter 6 summarizes insights gained from the overall work and the scope for future endeavors.
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Chapter 2
Microbond test: problem description,
experiment and simulation setup
2.1 Experiment
To motivate the numerical study, we first provide a description of the experimental results obtained with
the microbond test by Christopher Montgomery, a Ph.D. student in the Department of Material Science and
Engineering at the University of Illinois, Urbana-Champaign. The carbon fibers used are HexTow AS4 fibers
with three different surface treatment types: the unsized ones designated as AS4, the sized fibers designated
as AS4-G and the oxidized-sized fibers designated as AS4c-GP. The epoxy is a two-part, high-temperature
cured system from Huntsman, Aradur/Araldite LY 8605.
The difference in the surface treatments is that the unsized fibers have the least oxygen-to-carbon ratio
on their surface while the sized fibers have a higher oxygen-to-carbon ratio. The higher oxygen content in the
sized fibers ensures a higher chemical bonding potential on the surface. Figure 2.1 shows a comparison of the
sized fibers with the unsized ones. As evident from the images, after the completion of the microbond test,
residual epoxy remains on the surface of the sized fibers while the surface of the unsized fibers is relatively
smooth.
Figure 2.1: Comparison of sized fiber surface with the unsized fiber surface.
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The microbond samples are prepared as follows: carbon fibers are tightly held in position by attaching
them to two aluminum supports. The epoxy is taken in liquid form in a micropipette and applied as drops
along the length of the fiber. The size of the bead is less than 100µm. The fiber is cut into pieces with each
piece enclosing one epoxy droplet to make the specimens for the microbond test. Once the specimens are
prepared, they are cured at elevated temperatures (∼198°C) for the epoxy to solidify. Then the embedded
length and the fiber diameter are measured. Figure 2.2 shows a typical microbond specimen with the epoxy
bead on the carbon fiber.
Figure 2.2: Optical image of the epoxy bead on the carbon fiber.
Figure 2.3: Experimental setup of the microbond test.
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For the experiment, the fiber with the bead is placed in the machine between two blades or vises, which
prevent the epoxy bead from passing through them. This setup is shown in Figure 2.3. When a displacement
is applied at one end of the fiber, the epoxy bead stops at the vise and the interface fails in shear while
the fiber is in tension. A profile of the debonded bead is shown in Figure 2.4. The reaction force (RF )
vs. applied displacement (U ) curve is plotted for the fiber/matrix system and it typically looks like the one
shown in Figure 2.5. The next section describes the steps taken to simulate the microbond test and generate
the RF vs. U curve to be compared with the experimental curve.
Figure 2.4: Debonded bead at the conclusion of the microbond test.
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Figure 2.5: Typical experimental RF vs. U curve for the microbond test.
2.2 Simulation
The simulation of the pullout test including the residual thermal stresses is performed using the commercial
software package ABAQUS [2]. The geometry of the microbond test is depicted first, followed by the material
properties, the mesh and the discussion of the cohesive failure model. The results are presented in the next
chapter. The fiber and the matrix droplet are modeled as axisymmetric bodies. Though the two vises are
not axisymmetric, they are also modeled as one axisymmetric body. The schematic of the microbond test
used in the simulation is shown in Figure 2.6.
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Figure 2.6: Schematic of the bead geometry used in the microbond simulation.
As can be identified from Figure 2.2, the epoxy droplet is not a regular hemisphere in shape but has a
bead profile with meniscus formations on the two ends because of the capillary forces present in its liquid
phase. This profile is shown in detail in Figure 2.7. The equations governing this profile are originally given
by Song [12] as
y2 = h2
(
1− k2sin2ϕ) , (2.1)
x = ±[arF (ϕ, k) + hE(ϕ, k)], (2.2)
where
a =
hcosθ − r
h− rcosθ , (2.3)
k2 =
h2 − a2r2
h2
, (2.4)
with h denoting the maximum bead height, r, the fiber radius, θ, the contact angle of the droplet on the
fiber and l, the embedded length of the fiber. ϕ is the variable and the angle between the Y-axis and a
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Figure 2.7: Schematic of the geometry and parameters of the bead profile used in the microbond simulation.
point on the bead, varying from 0 to ϕmax, which is the angle from the Y-axis to the fiber/bead contact.
ϕ is measured from a point whose coordinates are given by (0,r -l/(2tanϕmax)). F and E are the standard
Legendre incomplete integrals of the first and second kind [33, 34]:
F (ϕ, k) =
∫ ϕ
0
1√
1− k2sin2ΦdΦ, (2.5)
E(ϕ, k) =
∫ ϕ
0
√
1− k2sin2ΦdΦ. (2.6)
Two conditions help to determine ϕmax:
 When ϕ=ϕmax, the Y-axis falls onto the fiber radius, i.e., y=r. This gives an expression for ϕmax as
ϕmax = sin
−1(
1
k
√
1− r
2
h2
). (2.7)
 When ϕ=ϕmax, the theoretical embedded length, Le, is given by
Le = 2x. (2.8)
Substituting x from equation (2.2) yields the equation for Le as
Le = 2[arF (ϕmax, k) + hE(ϕmax, k)] = f(θ). (2.9)
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The difference between the actual embedded length of the bead, l, and the theoretical embedded length,
given by equation (2.9), is formulated as the following objective function:
EL = |l − f(θ)|. (2.10)
Minimizing this objective function gives values for θ using which a, k and ϕmax are calculated. ϕ is then
varied from 0 to ϕmax to get the coordinates and plot the profile of the epoxy droplet. The equations are
solved and the profile is plotted using the Matlab [1] code presented in Appendix A. The coordinates of the
meniscus are written into a text file and imported into ABAQUS [2] as a sketch using the Python script [3]
appended in Appendix B.
2.2.1 Geometry and material properties
The geometry of the fiber and the bead are modeled in ABAQUS [2] such that, the fiber is aligned along the
Y-axis and the vise parallel to the X-axis, as shown in Figure 2.6. The geometric dimensions used in this
particular simulation are r = 3.55µm and h = 23.36µm. The fiber length is 91µm, with the length below
the embedded length (Lb) is 11µm. The length of the vise, Lv, is 30.45µm and its thickness, tv, is 5µm.
The gap between the ends of the vise and the fiber, g, is 5µm. The upper edge of the vise lies in line with
the end of the lower meniscus. The vise is filleted with a radius of 1µm at the corner, where it is in contact
with the epoxy matrix. This is done to prevent a stress singularity at the contact point of the epoxy matrix
and the vise. The Young’s modulus, E, Poisson’s ratio, ν, and the coefficient of thermal expansion, α, of
the carbon fiber, epoxy cruciform and the stainless steel vise are given in Table 2.1. For this analysis, the
carbon fiber is considered to have isotropic properties. It is assumed that the residual stresses start setting
in from the glass transition temperature (∼ 149°C) of the epoxy. So the specimen is considered to cool from
to the glass transition temperature of epoxy to room temperature (∼ 23°C).
Component Material E (GPa) ν α (/°C )
Fiber Carbon 231 0.2 2e-6
Matrix Epoxy 2.5 0.4 8.2e-5
Vise Stainless Steel 190 0.265 -
Table 2.1: Material properties of carbon, epoxy and stainless steel.
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2.2.2 Mesh
The system has a structured mesh with 4-node axisymmetric bilinear quad elements (CAX4). The bead
is partitioned symmetrically (denoted as two half-beads) about the radial axis, with one part having the
meniscus that contacts the vise, and the other having the rest of that half-bead. Three different meshes are
considered to establish mesh convergence of the system, and these are referred to as the coarse, reference and
fine meshes. The reference mesh is the one used for the estimation of the cohesive failure parameters and
the parametric studies. It must be noted that the whole curved portion of the bead is composed by joining
separate line segments and each segment has one seed. This is very important to get an error-free mesh on
the bead and is unchanged for all the different mesh configurations. The coarse mesh has 69 seeds along the
length of the fiber and 4 seeds along its width. On the whole, the fiber has 350 nodes and 276 elements,
with 4 elements along the width and 69 along the length. The meniscus on the half-bead has 15 seeds on
the linear boundaries and one seed each on the segments that make up the meniscus, as mentioned before.
This portion has a total of 694 nodes and 639 elements. The symmetrically opposite meniscus section has
the same mesh.
Figure 2.8: Coarse mesh used in the microbond test for mesh convergence test.
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Figure 2.9: Reference mesh used in the microbond test for the mesh convergence test and subsequent
analyses.
The rest of the half-bead has 45 seeds on two linear boundaries, while the third linear boundary is shared
with the meniscus portion. Similar to the meniscus portion, the curve for this part also has one seed on each
of the segments. The half-bead has a total of 7,084 nodes and 6,885 elements, and so does the symmetrically
opposite section. The vise has 2 seeds along the fillet curve and 4 seeds on the linear boundaries of the fillet
portion. The rest of the vise has 10 seeds parallel to its length and 6 seeds parallel to its width. The vise has
a total of 133 nodes and 111 elements. The entire assembly has 15,901 nodes and 15,435 elements. Figure
2.8 shows the total mesh and the closeup of the mesh in the meniscus region, respectively.
While the reference mesh has the same mesh on the vise as the coarse one, the seeding configuration on
the fiber and the linear partitions of the bead is different. This mesh has 91 seeds along the length of the
fiber and 4 seeds along its width, making up a total of 460 nodes and 364 elements in the fiber, with four
elements along the fiber width. The linear boundaries of the meniscus have 20 seeds making a total of 1,009
nodes and 944 elements in the meniscus. The rest of the half-bead has 75 seeds on the linear boundaries,
making a total of 9,394 nodes and 9,180 elements. The symmetric counterparts of these two regions have
the same mesh configurations. The total number of nodes is 21,216 and the total number of elements is
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Figure 2.10: Fine mesh used in the microbond test to establish mesh convergence.
20,723, in the entire assembly. This is the mesh used for subsequent analyses. The complete reference mesh
is shown in Figure 2.9.
For the fine mesh, the fiber is seeded with 114 seeds along its length and 4 seeds along its width, making a
total of 575 nodes and 456 elements. The linear boundaries of the meniscus portion, have 25 seeds each, with
a total of 1,426 nodes and 1,349 elements. The rest of the half-bead has 75 seeds on the linear boundaries,
making up 11,704 nodes and 11,475 elements. As before, the symmetric counterparts of these portions have
respective similar meshes. The total assembly has 26,716 nodes and 26,191 elements. This is the finest one
and is shown in Figure 2.10.
2.2.3 Boundary conditions
The simulation of the microbond test runs through three steps, the default initial step, the thermal step
and the pullout step. In the initial step, the conditions specified are the ones before the specimen is cured
to the room temperature. These conditions include the glass-transition temperature of the specimen, the
interaction between the fiber and the matrix, and designating the vise as a rigid body. The glass-transition
temperature is assigned by creating a predefined field for the entire fiber/matrix assembly. The fiber/matrix
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interaction is a surface-to-surface contact, with the fiber as the master surface and the matrix, the slave
surface. Within the interaction, a small sliding formulation is assigned and a surface-to-surface discretization
method is used. It is important to select a node-set and specify it in the adjust slave nodes in set option. For
this simulation, the set of nodes on the matrix surface, that interfaces with the fiber, is selected. A contact
property is set for the interaction between the fiber and the matrix in which the cohesive failure parameters
are specified. This cohesive failure model is discussed below, together with the traction-separation curve.
The vise is constrained as a rigid body by picking a reference point on the vise and applying an encastre
boundary condition on it. These conditions get propagated to all the subsequent steps. In the thermal step
of the simulation, the specimen is cooled down from the glass-transition temperature to room temperature,
thus ensuring the creation of thermal stresses in the specimen. This is simulated as a linear process by
setting the nlgeom option to off. This prevents ’the inclusion of non-linear effects of large displacements’ [2]
in the specimen.
In the pullout step, a surface-to-surface contact interaction is created between the meniscus surface
(slave surface) and the vise edge (master surface) by selecting a small sliding formulation option. The
slave adjustment option is set to no adjustment. The contact property is specified as normal behavior with
the pressure-overclosure as hard contact and the constraint enforcement method as default. The pullout
displacement is applied on the lower surface of the fiber. This step is a non-linear process with the time
period as 1 second and appropriate values set for the maximum number of increments, the initial increment
size, the minimum increment size and the maximum increment size. The value of the glass-transition
temperature is approximately 149°C, the room temperature, 23°C and the applied displacement on the fiber
is 0.03mm. An example of the input file for this simulation, is provided in Appendix C.
2.2.4 Cohesive failure model
The cohesive failure model used in this simulation is a bilinear law that characterizes the relation between
the shear traction acting along the fiber/matrix interface and the tangential separation between the surfaces
as the fracture propagates. This cohesive law is shown in Figure 2.11. The traction between the surfaces
increases to a maximum and decreases to zero as the separation between the two surfaces is complete. The
parameters are the slope of the initial linear increase in traction, Knn, the maximum traction attained, τmax,
the final separation at failure, δf , and the frictional coefficient, µ. The maximum traction is specified in the
ABAQUS [2] input file as the maximum nominal stress component (Knn, while the final separation at failure
is specified as the total or plastic displacement. These values are obtained by a trail-and-error method. A
RF vs. U curve is plotted using this model and is compared with the experimental curve. The model is then
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refined such that the simulation curve agrees closely with the experimental curve. The extracted cohesive
failure model is validated by using it to plot the simulation curves for two other fibers of the same surface
treatment, and comparing them with their corresponding experimental curves. This process is repeated for
the three different surface treatment cases.
Figure 2.11: Cohesive failure model used to characterize the interface in the microbond test.
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Chapter 3
Microbond test: simulation results
This section discusses the results obtained from the simulations of the microbond test. The convergence of
the mesh is first shown followed by the stress distributions along the interface after the thermal step and
after the total analysis. The calibration and validation of the cohesive failure models are then presented,
followed by a parametric study conducted on the oxidized fiber samples.
The convergence of the mesh is established by comparing the RF vs. U curves obtained from an oxidized
sample using three different meshes described in the previous chapter. It is observed that the curves agree
well, with each other, as evident from Figure 3.1. The distribution of S12 and S22, after the thermal step,
Figure 3.1: Mesh convergence study for the microbond test.
is shown in Figures 3.2 and 3.3, respectively, for the oxidized fiber sample of embedded length 69.8µm.
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Figure 3.2: S12 distribution in MPa after the thermal step in the microbond specimen. Highest value of S12
is observed on the lower meniscus.
Figure 3.3: S22 distribution in MPa after thermal step in the microbond specimen. Highest values of S22 in
the epoxy occur at the ends of the meniscus followed by the region adjoining the interface.
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Figure 3.4: S12 distribution in MPa after pullout step in the microbond specimen. The impact of the vise
on the epoxy is evident.
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Figure 3.5: S22 distribution in MPa after pullout step in the microbond specimen. After interfacial failure,
the fiber slides along the embedded length till friction reduces the fiber’s sliding.
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Figure 3.6: Fiber/matrix interface just before the matrix comes in contact with the vise. The legend is a
scalar parameter varying from 0 to 1, with 0 indicating no failure and 1 indicating complete failure. The
blue indicates the failure has not started. At total failure, the color changes to red.
Figure 3.7: Fiber/matrix interface in the initial stages of failure. The debonding between the fiber and the
matrix at the meniscus is visible and this propagates through the length of the interface to the top.
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Figure 3.8: Debonding of the interface in the advanced stage, but the failure is not complete. It can be
noted that the gap between the fiber and the meniscus has increased, compared with the previous stage. In
addition, the contact with the vise, on the matrix, is very pronounced.
Figure 3.9: Total interfacial failure at the meniscus. A red streak is visible on the interface at the meniscus
and further up, indicating the failure is complete. This continues till the end of the step, propagating through
the whole interface.
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We observe that the maximum tensile stress after the thermal step in the Y-direction occurs at the inter-
sections of the meniscus with the fiber with the next highest stresses formed along the interface. However,
through the pullout step, it can be said that interface failure started at the lower meniscus of the bead
and propagated along the entire interface to reach the upper meniscus of the bead. Once the failure is
complete, the fiber sliding on the surface of the matrix is also observed. While Figures 3.4 and 3.5 show the
distributions of the stress components S12 and S22 at the end of the pullout step, Figures 3.6, 3.7, 3.8 and
3.9 highlight some phases in the progress of interfacial failure. These figures provide an idea of the stress
distributions, and the failure propagation in the specimen in the pullout step.
3.1 Extraction of the cohesive failure parameters
To run the simulation, a set of parameters Knn, δf , τmax, µ is selected and given as input. Once the
simulation is complete, the RF vs. U curve is plotted and compared to the experimental RF vs. U
curve given by Christopher Montgomery. This process is repeated till there is a close match between the
experimental and the simulation curves. The parameters that resulted in the closely matching curves are
taken as the cohesive failure parameters for the fibers of that surface treatment. The effect of surface
treatment is considered in the choice of the frictional coefficient between the fiber and the matrix.
3.1.1 Oxidized fibers
The sample with Le = 69.8µm is chosen for the calibration of the cohesive failure model. The comparison
of the simulation curve and the experimental results are shown in Figure 3.10. The predicted cohesive
failure parameters for the fiber are Knn = 8000MPa, δf = 9.8µm, τmax = 56MPa, µ = 0.45 and GIIC
= 274.4J/m2. The predicted cohesive failure model has to be validated to ensure it predicts the cohesive
interface behavior for all the fiber/matrix systems of that surface treatment. This is done by using these
cohesive failure parameters to plot the RF vs. U curves for the other two systems of different embedded
lengths and comparing them with their experimental counterparts. The systems considered are of embedded
lengths 57.6µm and 64µm and the simulation curves agreed well with the experimental curves, as shown in
Figure 3.11.
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Figure 3.10: Extraction of the cohesive failure parameters for the oxidized fibers. The experimental curve
shows a fluctuation in the reaction force on the fiber after failure. But the input file for the simulation allows
only one value of the frictional coefficient to be specified.
Figure 3.11: Verification of the cohesive failure parameters for fibers of the same surface treatment (oxidized).
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3.1.2 Sized fibers
This section shows the prediction of the cohesive failure model and the validation for the sized fiber sys-
tems. The fiber with Le = 48.4µm is considered for the calibration of the cohesive failure model. The
comparison of the simulation curve and the experimental curve is shown in Figure 3.12. The predicted
cohesive failure parameters for the fiber are Knn = 6000MPa, δf = 10µm, τmax = 61MPa, µ = 0.65 and
GIIC =305J/m
2. This cohesive failure model, is also validated by plotting the simulation curves for two
other systems, with embedded lengths 73.4µm and 77.6µm, and the simulation curves matched relatively
well with the experimental curves, as depicted in Figure 3.13.
Figure 3.12: Calibration of the cohesive failure model for the sized fibers.
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Figure 3.13: Validation of the cohesive failure model for the sized fibers.
3.1.3 Untreated fibers
This section shows the prediction of the cohesive failure model and the validation for the untreated fiber
systems. The fiber with Le = 65.6µm is taken for the calibration of the cohesive failure model. The
comparison of the simulation curve and the experimental curve is shown in Figure 3.14. The predicted
cohesive failure parameters for the fiber are Knn = 7500MPa, δf = 5.7µm, τmax = 31MPa, µ = 0.65 and
GIIC = 88.3J/m
2. These fibers have the lowest values of the shear traction and the interfacial shear strength,
which is expected since these fiber systems do not have any surface treatments. As a result, in this case when
compared with the other two, the shear experienced by the fiber is the least and so is the energy required
to cause shear failure along the interface. The parameters of the cohesive model are validated, as before,
by plotting the simulation curves for the systems of embedded lengths 69.3µm and 88.3µm and comparing
them with their respective experimental curves, as shown in Figure 3.15.
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Figure 3.14: Calibration of the cohesive failure model for the untreated fibers. These systems have the
weakest interface which can be attributed to the absence of any surface treatment.
Figure 3.15: Validation of the cohesive failure model of the untreated fibers.
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3.1.4 Cohesive failure parameter studies: summary
From the studies on the calibration of the cohesive interface, it is reiterated that the cohesive failure param-
eters are independent of the embedded length of the fiber. In addition, it is also observed that the surface
treatment of the fiber influences the strength of the fiber/matrix interface. It can be concluded from the
studies that interfaces in surface treated systems have higher values of τmax, δf and GIIC than systems
with no surface treatments as evident from Table 3.1. Furthermore, the interface is the strongest in sized
fiber systems, almost twice the values of untreated fibers, followed by oxidized fiber systems and untreated
samples.
Fiber type Knn (MPa) τmax (MPa) δf (µm) GIIC (J/m
2) µ
Oxidized fibers 8000 56 9.8 274.4 0.45
Sized fibers 6000 61 10 305 0.65
Untreated fibers 7500 31 5.7 88.3 0.65
Table 3.1: Comparison of the cohesive failure parameters for three differently surface-treated fibers. It can
be observed that the maximum stress for failure, and the final displacement at failure, are the least in
untreated fibers, while they are nearly twice as high for the sized fibers.
3.2 Parametric studies
The first parametric study conducted is on the fiber length below the embedded length Lb. Two cases are
considered in the parametric study, one with Lb = 30µm, and the other with Lb = 60µm. These results
are presented first followed by the effects of the cohesive failure parameters on the stability of the RF vs.
U curves. These studies are conducted on the oxidized sample with the embedded length of 69.8µm. The
effects of Knn (varied from 7200MPa to 8800MPa), τmax (varied from 50.4MPa to 61.6MPa), δf (varied
from 0.008mm to 0.0105mm) and µ (varied from 0.405 to 0.495) are plotted in the following graphs.
3.2.1 Effect of Lb
As mentioned before, Lb is changed from its actual value (11µm) to 30µm and 60µm. In each of the cases, as
for the experimental curve, the effect of the fiber elongation is considered, and the reaction force vs. applied
displacement curves are scaled accordingly in the following manner. The fiber part of length Lb is considered
as an elastic bar subjected to axial tension. The extension in the bar, δl, is calculated using
δl = P ∗ Lb/(A ∗ E), (3.1)
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where P is the particular load acting at each location, A is the cross-sectional area of the fiber and E is the
Young’s modulus of the fiber. This scaling enables the use of macroscopic samples for practical purposes.
The fiber length of Montgomery’s specimens is around 1000µm, while the embedded length is around 100µm.
Figure 3.16 depicts the RF vs. U curves for the three different values of Lb.
Figure 3.16: Effects of Lb on RF vs. U curve. The curves are scaled to account for the fiber elongation
underneath the embedded length.
3.2.2 Effect of Knn
Knn is varied between the values 7200MPa and 8800MPa, which are 10% lower and higher than the value
of Knn from the cohesive model, respectively. Figure 3.17 shows the behavior of the curve for the lower
extreme, the upper extreme and the mean value of Knn. Since Knn is the slope of the linear part of the
curve, changes in Knn, when the other parameters are constant, affect only the displacement where the
maximum RF is obtained. For a lower Knn, the maximum RF occurs at a lower δf and vice versa. This
implies that, for a higher value of Knn, the interface debonding initiates at a lower value of the applied
displacement, than for a lower Knn. As the other parameters are kept constant, it is evident that the rest
of the curve does not change much except for shifting horizontally to the left with an increase in Knn.
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Figure 3.17: Effects of Knn on RF vs. U curve. Increase in the slope of the linear part of the curve shifts
the rest of the curve horizontally to the left and vice versa.
3.2.3 Effect of τmax
Similar to Knn, τmax is also varied between 50.4MPa to 61.6MPa. These values are 10% lower and higher,
respectively, than the τmax obtained for the cohesive failure model. Figure 3.18 shows the behavior of the
curve for the lower extreme, the upper extreme and the mean value of τmax. The changes in τmax, as
expected, do not affect the initial linear part of the curve because that is dependent only on the value of
Knn. But τmax, however, has an effect on the displacement at which failure initiates at the interface. It can
be deduced that, with an increase in τmax, the interface requires a higher displacement for failure to initiate,
which means the interface becomes stronger. Again, changes in τmax do not affect the friction between the
fiber and the matrix since that depends only on the frictional coefficient µ.
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Figure 3.18: Effects of τmax on the RF vs. U curve.
3.2.4 Effect of δf
δf is varied between 8.82µm and 10.5µm with the value from the cohesive failure model being 9.8µm. Figure
3.19 shows the behavior of the curve for the lower extreme, the upper extreme and the mean value of δf .
No changes are expected in the initial linear part of the curve for changes in δf . It is also expected that there
will be a shift in the location of τmax. While the first expectation is found to be true, it is observed that
there is no change in the value of the displacement where τmax occurred. Also, the failure process completes
sooner, at a lower value of displacement for the case with a lower value of δf . Since there is no variation in
µ, the friction between the fiber and the matrix does not see any variation.
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Figure 3.19: Effects of δf on the RF vs. U curve. Variations in δf caused alterations in the slope of the
second part of the curve but did not affect the value of τmax.
3.2.5 Effect of µ
The frictional coefficient is varied between the values 0.405 to 0.495, which are 10 % lower and higher than
0.45, the value obtained from the cohesive failure model. Figure 3.20 shows the behavior of the graph for the
lower and the upper extremes, and the mean value of µ. As expected, the change in the friction coefficient
does not cause any effect in the other parts of the curves. The initial linear parts for the three cases are
coincident while the failure parts of the curves are very close to each other. The friction between the fiber
and the matrix increased with increase in µ and decreased with a decrease in its value. The traction at the
final failure separation is slightly higher for a higher value of µ.
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Figure 3.20: Effects of friction coefficient,µ, on the RF vs. U curve.
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Chapter 4
Cruciform test: experiment and
simulation setup
The experimental cruciform test is considered by Christopher Montgomery to determine the transverse
strength of the fiber/matrix interface. But he observed that the specimens failed first at the fillet before failing
at the interface. Therefore, the objective of this study is to simulate the cruciform test, such that failure first
occurs at the interface, by making appropriate modifications to the dimensions of the experimental geometry,
in the form of parametric studies. This chapter describes the experimental procedure of the cruciform test
and the setup for the simulation of the cruciform test in ABAQUS [2].
4.1 Experiment
The process for creating the cruciform samples is as follows: A blank of steel is prepared according to the
required geometry of the cruciform and coated with polytetrafluoroethylene (PTFE). This metal blank is
used to make a polydimethylsiloxane (PDMS) mold, which has a cavity inside, of the desired shape and
geometry, to accommodate the fiber. The fiber is held in the cavity firmly and epoxy is poured into the
mold to form the required cruciform shape around the fiber. The sample is allowed to vitrify at room
temperature for 24 hours, cured at 121°C for 2 hours and 177°C for 3 hours. A Fullam SEM tester is used
to apply the load on the specimen and the specimen is observed using a Leica optical microscope.
The specimen has the long arm along the Y-axis, called the loading arm, and the short arm along the
X-axis, called the wing. This geometry is extruded along the Z-axis and the cylindrical fiber runs along
the wing at the center of the specimen. The four intersecting corners of the loading arm and the wing are
filleted to prevent stress singularities at the corners. Four face-sheets are attached firmly on either side of the
loading arm, with the length of each face-sheet slightly less than that of a half of the loading arm. A pull-up
force is applied on the top surfaces of the upper face-sheets and the bottom ones of the lower face-sheets.
The other ends of the face-sheets are rounded, with diameter equal to the width of the loading arm. Figure
4.1 outlines the geometric details of the cruciform specimens.
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Figure 4.1: Geometric details of the specimen used in the cruciform test.
4.2 Simulation
4.2.1 Geometry and material properties
The simulation of the cruciform test is done by modeling the geometry, in 3D, using the commercial software
ABAQUS [2]. The geometry of the cruciform specimen is symmetric about the three principal planes, namely
the XY, YZ and XZ planes. So the simulations require only an eighth of the total geometry, as depicted
in Figure 4.2. The dimensions used in this simulation are a = 2.4mm, h = 0.45mm, L = 7.55mm, R =
2.5mm and y = 20mm. The half-width of the face-sheet is 2.4mm. The half-thickness of the specimen, t,
and the gap between the face-sheet and the center of the fiber, g, are taken as parameters, and varied in the
ranges 0.08mm - 0.24mm and 1mm - 2.5mm, respectively, with the reference values as 0.16mm and 2mm,
respectively. To vary g, the face-sheet length is altered between 19mm - 17.5mm.
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Figure 4.2: Geometry of the cruciform specimen used in the simulation showing an eighth of the total
geometry.
Since the cruciform test is simulated on a 3D body, the carbon fiber is considered as transversely isotropic.
The matrix is made of epoxy and the face-sheets are made of stainless steel. Tables 4.1 and 4.2 detail the
material properties of epoxy, stainless steel and carbon, respectively. In Table 4.2, the subscripts A and T
stand for the fiber axial and transverse directional properties respectively. A Global orientation is specified
for the fiber, as is required for transversely isotropic material specification. The X-direction is given as the
1-1 direction (which is the fiber direction) while the Y-direction is given as the 2-2 direction.
Component Material E (GPa) ν CTE(/°C)
Matrix Epoxy 2.5 0.4 8.2e-5
Face-sheet Stainless Steel 190 0.265 -
Table 4.1: Material properties of epoxy (matrix) and stainless steel (face-sheet).
Material EA (GPa) ET (GPa) νAT νTT GAT (GPa) αA (/°C) αT (/°C)
Carbon 220 19.5 0.28 0.45 55 -4e-8 1.1e-5
Table 4.2: Material properties of carbon (fiber).
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4.2.2 Mesh
As the geometry of the cruciform is irregular, it is difficult to get a structured mesh.Therefore, the geometry
is partitioned into five differently shaped Sections. The first Section is the one adjoining the fiber. It is an
approximate cuboid, with the fiber Section cut out of it. The second one is a rectangular plate between
the first and the third Sections. This is illustrated in the side view of the cruciform shown in Figure 4.3,
and the front view of the cruciform shown in Figure 4.4. The second Section is created to make a smooth
transition of seeds from the first to the third Section, the reason being the irregular geometry of Section 3,
as depicted in the figures. It is evident that the third Section, with two arcs and three linear sides making up
the boundaries of its cross-section, cannot have a structured mesh, but a swept mesh is possible. Therefore,
this geometry is assigned a swept mesh. The fourth Section is a quarter-circle, partitioned such that its
mesh matches that of the face-sheet exactly. This is important to ensure displacement continuity between
the face-sheet and the adjacent cruciform area. Above the fourth Section in the cruciform is the fifth one,
which includes the rest of the loading arm. It is a regular cuboid and does not require any other partitions.
These Sections are shown in Figure 4.4. The face-sheet is partitioned in a similar manner to exactly match
the fourth and fifth Sections of the cruciform.
Figure 4.3: Side view of the partitions in the cruciform Section. Section 2 is created to ensure a smooth
transition of seeding between the first and the third Sections.
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Figure 4.4: Front view of the partitions generated in the cruciform Section for efficient meshing. The second
Section is only visible as a line because of its low thickness.
To check for mesh convergence, three different meshes denoted as coarse, fine and very fine, are applied
on the geometry and the results from the three meshes are compared. These meshes are described in this
and the next few paragraphs. The coarse mesh has the following seeding and meshing on the cruciform
Sections. Section 1 has 40 seeds on the edges parallel to the Y-axis and away from the fiber. The edges,
parallel to the Y-axis and near the fiber, have 30 seeds with a bias ratio of 3 towards the fiber. The edges
parallel to the X-axis have 80 seeds and two of the edges are shared with Section 2. The edge parallel to
the Z-axis and near the fiber has 30 seeds with a bias ratio of 3 towards the fiber. The edge parallel to the
Z-axis and away from the fiber has 10 seeds.
The upper edges of Section 2, parallel to the X-axis, have 40 seeds each, while the edges parallel to the
Z-axis have 10 each. Section 3 has 4 seeds on the edges parallel to the Y-axis, away from the specimen center,
while the ones near the center have 10 seeds. The arc of the fillet has 12 seeds, while both its adjacent edges
have 10 seeds each. The arc shared with Section 4, has 15 seeds. Section 4 has 10 seeds in the Z-direction and
8 in both the X- and Y- directions. The seeding and the mesh profile for the quarter-circle of the face-sheet
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is the same as that for Section 4, on the XY plane. The latter has a higher number of elements along the
Z-direction, as it is automatically corrected to ensure continuity with the mesh of Section 3.
Section 5 has 8 seeds in the X-, 15 seeds in the Y- and 10 seeds in the Z- directions, respectively. The
mesh profile in the XY plane, for the cuboid in the face-sheet, matches that of Section 5. But the mesh of
Section 5 is corrected to ensure continuity with the mesh of Section 4. Therefore, it has a higher number
of elements along the Z-direction than the cuboid of the face-sheet. The fiber has 8 seeds along the arc, 6
seeds along both its radii and 80 seeds along its length. In all, the coarse mesh has a total of 119,072 nodes
and 109,282 elements. The mesh used in Section 3, is shown in Figure 4.5.
Figure 4.5: Section 3 of the coarse mesh used for mesh convergence test in the cruciform test. This is the
part on which the difference in the meshes is very evident.
The fine mesh has a similar seeding and mesh profile for the face-sheet, and Sections 4 and 5 of the cruci-
form. Since these portions are far from the fiber, and the main areas of focus are the fiber and the fillet, it
is assumed that the meshes at these Sections do not influence the convergence of the solution. Since Section
1 is the closest to the fiber, its mesh is made finer in this Section, with 46 seeds on the edges parallel to the
Z-axis near the fiber. These edges have a seed bias ratio of 5.0097 towards the fiber. The edges parallel to
the Y-axis, near the fiber, have 56 seeds with a bias ratio of 4.9948 towards the fiber. There are no changes
in the seeding of Section 2. Section 3 has an increased number of seeds, 20, at the fillet while the rest of the
seeding remains the same. This implies that the mesh is made finer at the fillet and in the vicinity of the
fiber. This is illustrated in Figure 4.6. This mesh profile has a total of 120,287 nodes and 110,360 elements.
51
Figure 4.6: Fine mesh used for the mesh convergence test in the cruciform test. The figure on the right
shows the mesh in close proximity to the fiber.
For the very fine mesh, the number of seeds in Section 1 is increased to 69, with a bias ratio of 7.51455
towards the fiber. These are assigned to the edges parallel to the Z-axis and near the fiber. The edges
parallel to the Y-axis, near the fiber, have 84 nodes with a bias ratio of 7.4922 towards the fiber. This is a
significant increase when compared with the seeding in both the fine and the coarse meshes. On the whole,
this mesh has a total of 157,709 nodes and 145,240 elements. This mesh is shown in Figure 4.7, and is used
for the simulation of the cruciform test and conducting the parametric studies. This finishes the description
of the three meshes used to verify the mesh convergence of the cruciform test simulation.
Figure 4.7: Very fine mesh used for the mesh convergence test in the cruciform test.
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4.2.3 Boundary conditions
The simulation of the cruciform test happens through three steps, the default initial step, the thermal step
and the pullup step. But, before the initial step is defined, a tie constraint is applied between the surfaces
of the face-sheet (master) and the (cruciform slave), with a surface-to-surface discretization method. This
ensures that the face-sheet is attached to the cruciform throughout the simulation. Once this is done,
symmetry boundary conditions are applied on three surfaces as shown in Figure 4.8, and a predefined field is
created to specify the glass-transition temperature of epoxy. These conditions get propagated to the rest of
the steps in the analysis. In the thermal step, the new condition created is the assigning of room temperature
to the specimen. This makes sure that the specimen accumulates residual thermal stresses as it moves from
the initial to the thermal step. Both steps are linear and are run with the default values of maximum number
of increments, initial increment size, minimum increment size and maximum increment size.
The assigned glass-transition temperature is 149°C, the room temperature is 23°C and the pullup dis-
placement is 0.05mm. Since symmetry boundary conditions are applied, the displacement on the other
loading arm is automatically accounted for. No cohesive failure model is assumed for the fiber/matrix in-
terface. It is required that the face-sheets be attached to the cruciform after the curing is complete. To
facilitate this, the face-sheet is assigned the same coefficient of thermal expansion as the cruciform and the
glass-transition and room temperatures are applied to the whole geometry. An example of the input file is
presented in Appendix D, and the results are reported in the next chapter.
Figure 4.8: Boundary conditions applied on the specimen in the cruciform test.
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Chapter 5
Cruciform test: results
In the subsequent paragraphs, the areas where stress components are of interest are identified. The results
of the mesh convergence study are then presented followed by the stress distributions at different locations
of the cruciform specimen. Then, the results from the parametric studies on the geometry are outlined. The
stress components are of primary interest along the fillet of the cruciform and the fiber top. The fillet stresses
are the ones calculated on the boundary line of the fillet, which lies in the XY plane, and they are required
to be less than the stresses on fiber top. The fiber top is the line where the fiber and the matrix meet in the
XY plane. Figures 5.1 and 5.2 respectively show the fillet and the fiber top node-sets. The distances along
the fillet and the fiber top are normalized by the lengths of the fillet and the fiber respectively.
Figure 5.1: Node-set along the fillet for discussion of results. The non-dimensional coordinate s˜ = 2s/piR
where R denotes the radius of curvature of the fillet.
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Figure 5.2: Node-set along the fiber top for the discussion of the results. The non-dimensional coordinate x˜
= x/L where L is the length of the fiber.
5.1 Mesh convergence study
Mesh convergence is established by plotting the Mises and the maximum principal stresses at the fillet, and
the S11 and S22 stress components on fiber top. These results are compared for three different meshes. We
observe that the results from the three meshes match each other closely. The fillet stress values from the
fine mesh are closer to those from the very fine mesh, while the stresses along the fiber top concur with each
other, thus indicating a mesh convergence. The graphs in Figures 5.3, 5.4, 5.5 and 5.6 show the convergence
of the results obtained from the three meshes.
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Figure 5.3: Convergence of the Mises stress along the fillet from the three meshes.
Figure 5.4: Convergence of the maximum principal stress along the fillet from the three meshes. The graphs
of the fine and the very fine meshes are concurrent.
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Figure 5.5: Convergence of S11 computed along the fiber top with the three meshes. The plots of S11 from
the three meshes concur very well. This behavior is noted for the plots of S22 as well.
Figure 5.6: Convergence of S22 along the fiber top from the three meshes.
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5.2 Reference results
Once the results from the meshes are found to be convergent, the very fine mesh is chosen to perform the rest
of the simulations. The specimen with t = 0.16mm and g = 2mm is considered as the reference. The stress
in the Y-direction, S22, is plotted along the centerline of the fiber and the fiber top as illustrated in Figure
5.7. Similarly, the Mises and the maximum principal stresses along the fillet are presented in Figure 5.8. We
Figure 5.7: Variation of S22 along the fiber top and the centerline. The similarity of the stress behavior can
be attributed to the very low radius of the fiber.
observe that there is not much difference in the S22 values along the centerline of the fiber, and along the
fiber top. This is expected since, the fiber is transversely isotropic and its radius is small when compared
with its length and the specimen dimensions. It is also evident that S22 is negative or compressive in much
of the wing of the cruciform because of the residual stresses induced at the interface in the thermal step. In
this step, the epoxy tends to compress because there is a decrease in the temperature, but the interface does
not allow it to compress. As a result, tensile stresses are generated in the epoxy while at the same time,
compressive stresses are generated in the fiber, which cause the stresses to drop below zero. It is evident
that the Mises stress and the maximum principal stress are very close to each other. The maximum of the
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Figure 5.8: Mises and the maximum principal stresses along the fillet.
fillet stresses is mostly observed around 20 % of the normalized fillet length. In fact, the maximum value
of the Mises stress is only slightly less than the maximum value of the maximum principal stress. At about
60% of the fillet length, these stress components reach zero because the effect of the applied displacement
is resisted by the vertical portion of the cruciform, i.e., this region will be out of the area of influence of the
applied displacement.
5.3 Parametric studies
The objective of the parametric studies is to identify how changes in the geometry affect the ratio between
the maximum value of S22 along the fiber top and the maximum principal and Mises stresses along the fillet.
The parameters considered are the specimen thickness, t, and the gap between the face-sheet and the fiber,
g.
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5.3.1 Specimen thickness
The effects of changing the specimen thickness on the stresses at the fiber top and the fillet are studied. The
values of the specimen thickness considered are 0.08mm, 0.12mm, 0.2mm and 0.24mm with 0.16mm taken
as the thickness of the reference geometry. Figure 5.9 shows the comparison between the lower extreme,
the reference and the higher extreme of the geometries considered in this study. It must be noted that the
thickness of the grip remains constant at 0.16mm. The stresses considered in the comparison are S22 along
the fiber top, and the Mises and the maximum principal stresses along the fillet. Figure 5.10 shows the
comparison of S22 along the fiber top for the different specimen thicknesses. The maximum principal stress
and the Mises stress components along the fillet, are also plotted for this range of thickness values. These
plots are shown in Figures 5.11 and 5.12, respectively.
Figure 5.9: Comparison of the specimen thicknesses used for the parametric study. The thickness of the grip
is not varied.
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Figure 5.10: Variation of S22 along the fiber top, with specimen thickness. The increase in the maximum
value of S22 is not very high when compared with the maximum S22 for the reference geometry.
The maximum increase in S22, 16.13MPa, is observed for the specimen with the least thickness 0.08mm,
while the maximum decrease, 32.88MPa is observed for the specimen with the highest thickness 0.24mm.
This is expected because, with an increase in the specimen thickness, much of the applied stress would be
resisted by the specimen and the interface experiences a lesser stress than when the thickness is less, and
vice versa. Table 5.1 lists out the maximum values of the stress components for each of the thickness values.
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Figure 5.11: Variation of maximum principal stress along the fillet, with specimen thickness.
Figure 5.12: Variation of Mises stress along the fillet, with specimen thickness. The specimen thickness
impacts the Mises stress and the maximum principal stress along the fillet but not significantly.
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t(mm) S22 - fiber top (MPa) Max principal stress - fillet (MPa) Mises stress - fillet (MPa)
0.08 363.64 229.5 227.35
0.12 350.15 222.37 220.06
0.16 347.51 216.12 213.79
0.2 325.78 210.53 208.3
0.24 314.63 205.53 203.55
Table 5.1: Maximum values of the stress components for the different specimen thicknesses.
Similar to the behavior of S22 at the interface, the Mises and the maximum principal stresses at the fillet
increase with a decrease in the thickness of the specimen. However, it is important to note that the increase
in the maximum value of the stresses is not very high when compared with that in the reference geometry.
While the maximum value of the maximum principal stress in the reference geometry is 216.12MPa, the
corresponding stress value increases by 13.38MPa in the specimen of thickness 0.08mm and by 6.25MPa for
the specimen of thickness 0.12mm.
From this parametric study, it is observed that the decrease in the specimen thickness increases the value
of the maximum S22 at the fiber top and the stresses at the fillet. But the significant point is that the
difference between the maximum stress at the fiber top and the maximum principal stress at the fillet is not
very high in the 0.08mm thick specimen, when compared with that of the reference specimen. This is shown
in Figure 5.13 and in Table 5.2.
Figure 5.13: Comparison of S22 at the fiber top with maximum principal stress at the fillet for the 0.08mm
thick specimen.
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t (mm) g (mm) Stress difference(MPA)
0.16 2 127.128
0.08 2 139.126
Table 5.2: Comparison of the difference between the maximum stresses, for the 0.08mm thick specimen with
that of the reference geometry.
Therefore, it can be concluded that the stress difference is very close to the one observed in the reference
geometry. But it is reported that the reference geometry fails first at the fillet and not at the interface. So
it is inferred that the decrease in specimen thickness may not ensure earlier failure at the interface.
5.3.2 Gap between face-sheet and fiber
The effects of changing the gap between the face-sheet and the fiber on the stresses at the fiber top and the
fillet, are examined in this section. The values of the gap considered are 1mm, 1.5mm, 2.25mm and 2.5mm,
with 2mm chosen as the gap in the reference geometry. The corresponding lengths of the face-sheet are
19mm, 18.5mm, 17.25mm and 17.5mm, respectively, with the length of the reference face-sheet as 18mm.
The length of the cruciform remained constant at 20mm. Figure 5.14 shows the comparison between the
lower extreme, the reference and the higher extreme of the geometries considered in this study. Figure
5.15 shows the variation of S22 along the fiber top for different values of the gap. Similarly the maximum
principal stress and the Mises stress components are plotted along the fillet for the different values of the
gap, and presented in Figures 5.16 and 5.17, respectively.
While the maximum value of S22 for the reference geometry is 343.85MPa, it is noted that the maximum
increase in S22, 315.9MPa, is observed for the specimen with the least gap, 1mm, while the maximum
decrease, 73.11MPa, is observed for the specimen with the highest gap, 2.5mm. This can be explained in
the following manner: the applied displacement on the grip gap has a lesser area of influence and is more
localized towards the fiber center. So the interface experiences a higher stress near the fiber center. Similarly
as the gap increases, the interface experiences a lower stress when compared with cases of lower gap.
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Figure 5.14: Comparison of the gap between the face-sheet and fiber.
Figure 5.15: Variation of S22 along the fiber top for different values of the gap. Note that, as the gap
decreases, S22 increases significantly.
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Figure 5.16: Variation of the maximum principal stress along the fillet for different values of the gap. The
maximum principal stress increases, but the increase is not as high as the increase in S22.
Figure 5.17: Variation of the Mises stress along the fillet for different values of the gap.
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g (mm) S22 - fiber top (MPa) Max Principal Stress - fillet (MPa) Mises Stress - fillet (MPa)
1 659.75 252.89 253.47
1.5 452.38 247.62 245.88
2 347.51 216.12 213.79
2.25 300.33 197.59 194.67
2.5 270.74 184.35 181.74
Table 5.3: Comparison of the maximum stresses for different values of the gap. Maximum S22 at fiber
top for the specimen with 1mm gap is significantly higher than that for the reference geometry. But the
maximum values of the other stress components, at the fillet, are not very high.
From Table 5.3, it is clear that the Mises stress and the maximum principal stress at the fillet increase with
a decrease in the gap, similar to the behavior of S22. The maximum value of the maximum principal stress
at the fillet in the reference geometry is 216.12MPa. For the case with the gap of 1mm, the corresponding
stress value increased by 36.77MPa, while for the specimen with the gap of 1.5mm, the corresponding stress
increased by 31.5MPa. It is observed that a decrease in the gap increases the value of maximum S22 along
the fiber top and the stresses along the fillet. The increase in the maximum value of S22 at the fiber top is
higher than the increase in the maximum value of the stresses at the fillet, by a large value. This implies
that the difference between the fiber top stress and the fillet stress is higher in the specimen with the gap of
1mm than that of the reference specimen. This is shown in Figure 5.18 and Table 5.4.
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Figure 5.18: Comparison of S22 at the fiber top, with the maximum principal stress at the fillet, for the
specimen with 1mm gap.
t (mm) g (mm) Stress difference(MPA)
0.16 2 127.128
0.16 1 406.845
Table 5.4: Comparison of the difference between the maximum stresses, of the specimen with 1mm gap,
with that of the reference geometry.
Based on the above parametric studies it is concluded that the decrease in the gap between the face-
sheet and the fiber enables a failure at the interface earlier than at the fillet. This ends the discussion on
the results, the parametric studies and the conclusions drawn from the cruciform test. The next chapter
summarizes the thesis and lists out further avenues of research that can be explored.
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Chapter 6
Summary and future work
6.1 Microbond test
6.1.1 Summary
A successful simulation of the microbond test was performed for the carbon fiber and epoxy matrix system,
taking into account the residual thermal stresses generated in the system by the curing process. An accurate
extraction of the cohesive failure parameters was performed for the three differently surface-treated fiber
systems, oxidized, untreated and, sized, based on the reaction force vs. applied displacement curves from the
experiments. The cohesive model for each of the systems was validated by comparing the simulated reaction
force vs. applied displacement curves of the specimens with their experimental counterparts, thus ensuring
the accuracy of the models. In addition, parametric studies were conducted on the cohesive failure model
of the oxidized systems to study the sensitivity the model. The effects of small variations of the parameters
on the reaction force vs. applied displacement curve, were studied.
6.1.2 Future work
Future work on the microbond test can include modeling the fiber and the matrix as three-dimensional
geometries and analyzing the interface behavior. In addition, the vise also can be modeled as a 3D cuboid or
the like. This may offer better and more realistic insights into the interface behavior. The same analysis can
also be done using different material systems and combinations. It will be interesting to see if a mathematical
model or relationship can be developed to predict the cohesive failure parameters.
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6.2 Cruciform test
6.2.1 Summary
The cruciform test was simulated successfully, taking the symmetry of the geometry, the face-sheet attach-
ment and the thermal stresses into account. It was observed that the simulation generates stresses at the
fillet and the interface, as predicted by experimental results. The objective was to identify changes in the
geometry that could ensure interfacial failure before fillet failure. Then, parametric studies were conducted
on the geometry to understand how the changes in thickness influenced the stresses at the interface and the
fillet. It was concluded that a decrease in the specimen thickness does not increase the stress at the interface
very significantly, when compared with the increase in the stresses at the fillet. This geometric change did
not offer much promise to achieve the goal of getting a higher stress at the interface.
Parametric studies were also conducted to see if a change in the gap between the face-sheet and the fiber
influences the stresses at the interface and the fillet. It was observed that a decrease in this gap increases the
stresses at the interface and the fillet, as in the study of the specimen thickness. But the significant point
was that the increase in the stress at the interface was much higher, when compared with the increase in the
stress at the fillet. So, it was expected that the interface fails first, instead of the fillet. Therefore, this was
promising and was proposed to be tested experimentally, to see if the same behavior could be replicated.
6.2.2 Future work
Future work in this area can include more parametric studies on the geometry of the specimen to identify
other parameters that influence the stresses at the interface and the fillet. Studies can be conducted to
see if materials like glass, etc. replicate a similar behavior for the same changes in the cruciform geometry.
Another avenue for exploration is the behavior of the interface stresses when biaxial stresses are applied.
Different materials can also be used for the face-sheet and their effects on the behavior of the interface
stresses and fillet stresses can be studied.
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Appendix A
Matlab code to extract the
coordinates of the bead profile
The Matlab [1] code used to plot the profile of the bead by generating its coordinates is explained in this
chapter. All the statements following the % symbol are comments and are shown in green. The words in
blue and violet are in-built keywords. This code has 2 parts, a MAIN CODE and an AUX FUNCTION.
The AUX FUNCTION is a user-defined Matlab [1] function which is called in the MAIN CODE.
The values of l, r and h are obtained from experimental observations and must be the same in both
the parts. The AUX FUNCTION creates an expression for the theoretical embedded length denoted by El
with the values of l, r and h as the inputs and the in-built ellipticF and ellipticE functions. These stand
for the standard Legendre incomplete integrals of the first and second kind [33, 34]. This function is called
in the MAIN CODE. The MAIN CODE has comments in it, which explain the procedure followed. The
mathematical expressions are all taken from [12] and [11]. The second page shows the profile of the bead
obtained using this process. The coordinates of this profile are exported into ABAQUS [2] using the Python
[3] script presented earlier.
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 MAIN CODE: to find coordinates of the bead 
profile 
clear 
clc 
close all 
format short 
l= 69.373e-3;r=3.65e-3 ;h=19.6e-3+r ; % Actual embedded length, fiber radius 
and bead %These values are measured 
%experimentally using a microscope. 
%These must be the same values used 
%in the Aux function. 
thetacontact=vpa(fminbnd(@actualdimension_meniscusplot_function,0,pi)); % 
Minimizing %the 
%contact angle % Ash et al. thetacontact*180/pi; % Convert theta from radians 
to degrees to get an idea of the a_contact=(h*cos(thetacontact)-r)/(h-
r*cos(thetacontact)); % The 3 expressions of a, % Ash et al. Composites 
k_contact=sqrt(1-(a_contact*r/h)^2); 
phi_max=asin((sqrt(1-(r/h)^2))/k_contact); %phi_max is the angle made by the 
Y-axis phi_max*180/pi; % Convert phi_max from radians to degrees to get an 
idea of the angle. for i=1:201 % Considering 200 points on the phi(i)=(i-
1)*phi_max/200; 
y(i,1)=sqrt(h^2*(1-(k_contact*sin(phi(i)))^2)); % The Y-coordinates are 
generated. 
%Expressions to calculate the coordinates % Ash et al. Composites Science 
F_phi(i)=ellipticF(phi(i),k_contact); 
E_phi(i)=ellipticE(phi(i),k_contact); 
x1(i,1)=((a_contact*r*F_phi(i))+(h*E_phi(i))); % The positive X-coordinates 
are x1(i,2)=-x1(i,1); % The negative X-coordinates are %This bead is 
symmetric about the end 
for i=1:401 
if i <= 201 
A(i,2)=x1(202-i,2); 
A(i,1)=y(202-i,1); 
else 
A(i,2)=x1(i-200,1); 
A(i,1)=y(i-200,1); 
end 
end % The above loop places the x-coordinates in the 2nd column and the Y-
coordinates % the generated bead is symmetric about the X-axis. The bead 
required 
% for ABAQUS is symmetric about the Y-axis. So the coordinates are 
% interchanged. 
hAxis_front=axes(); 
plot(A(1:201,1),A(1:201,2),'black',A(202:401,1),A(202:401,2),'black') % Plot 
of the axis equal 
2 
Published with MATLAB® R2014a  
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1 
AUX FUNCTION: to generate the expression for 
the embedded length of the 
%bead 
% This function is called in the Main code 
%clear 
%clc 
function El=actualdimension_meniscusplot_function(theta) % function 
definition with l= 69.373e-3;r=3.65e-3 ;h=19.6e-3+r ; % Actual embedded 
length, fiber radius and bead %These values are measured 
%experimentally using a microscope. 
%These must be the same values used 
%in the Main code. 
a=(h*cos(theta)-r)/(h-r*cos(theta)); % The 3 expressions of a, k, and phimax 
are from % Ash et al. Composites Science and Technology, k=sqrt(1-(a*r/h)^2); 
phimax=asin((sqrt(1-(r/h)^2))/k); 
F_phimax=ellipticF(phimax,k); % Standard Legendre's integral of the first 
kind. ellipticF E_phimax=ellipticE(phimax,k); % Standard Legendre's integral 
of the second kind. ellipticE El=abs(l-2*((a*r*F_phimax)+(h*E_phimax))); % 
Expression for theoretical embedded length Error using 
actualdimension_meniscusplot_function (line 13) 
Not enough input arguments. 
Published with MATLAB® R2014a  
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Appendix B
Python [3] script to import geometry
This code is downloaded from the following website link posted by the user named SUNNYPATEL1947.
https://abaquslearner.wordpress.com/2014/07/23/create-part-in-abaquscae-from-txt-filecontaining-coordinates/
The below script is used to import the coordinates of the meniscus into ABAQUS [2] CAE as a sketch
in a model. Once the coordinates are imported, they are joined to form the closed bead profile and used in
the analysis. This code can be saved as a Python [3] script and can be run using the Run script command
in the File menu of ABAQUS [2] CAE. In this code, the lines starting with # are comments. Lines 2, 3, 4,
5, 6 and 7 inform ABAQUS [2] that a sketch is to be imported into the part. The actual code starts from
line 9, which is the line after the second command line.
Line 9 creates a new model in the ABAQUS [2] CAE workspace which, in this case, is ”name your model”.
Line 11 creates a new sketch in this model with the name ”name your sketch” in this case, with a sheet size
of 200e-3. Line 14 opens the text file with the coordinates and reads all the lines in it. Line 18 creates an
empty array in which the coordinates are stored. This task is performed in lines 20 and 21. The next three
lines are comments. Lines 25, 26 and 27 extract the coordinates from the above arrays, plot them in the
ABAQUS [2] Sketch, and join them with lines. This ends the Python code written to read coordinates from
a text file and plots them in the ABAQUS [2] Sketch module.
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1. # import commands to get library file stored in abaqus 
2. from abaqus import * 
3. from abaqusConstants import * 
4. backwardCompatibility.setValues(includeDeprecated=True, 
5.                                                              reportDeprecated=False) 
6. import sketch 
7. import part 
8. # creating variables by calling the constructors  
9. myModel = mdb.Model(name= ’Name your model’) 
10. 
11. mySketch = myModel.ConstrainedSketch(name= ’name your sketch’, 
12. sheetSize=200.0e-3) 
13. 
14. lines = open('/location/of coordinate file/name of coordinate file.txt', 'r').readlines() 
15. # give your text file here 
16. #  readlines() function reads all lines from the given .txt file 
17. 
18. pointList = []                                    # Creating empty array 
19.  
20. for line in lines:                                # reading line by line and performing action     
21. pointList.append( eval( '(%s)' % line.strip() ) ) 
22. # strip() func removes all the white spaces from a line. eval() function which evaluates 
23. # a string as though it were an expression and returns a result and append adds each  
24. # coordinate as last element of array   
25. for i in range(len(pointList)-1): 
26. mySketch.Line(point1=pointList[i], 
27. point2=pointList[i+1]) 
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Appendix C
ABAQUS [2] input file of microbond
test
This chapter gives a bird’s eye view of the ABAQUS [2] input file for the microbond test. All statements
following one asterisk are commands, while those beginning with two asterisks are comments. The heading
section begins the input file where the name of the job is specified. The preprint statement notes the printout
to be obtained from the input file processor. In this case, this statement specifies that the input data of the
contact constraints, an echo of the input data, the model definition and the history of the job are suppressed
from being printed. The part statement defines the part, but the whole analysis is conducted on an instance
of the assembly, in this simulation.
In the assembly an instance of the part is created and nodes are defined on the instance. Since this
is a 2D geometry, the nodes have only X- and Y- coordinates and not the Z-coordinates. The nodes are
numbered from 1 to 21,216. Then, nodes are grouped in sets of 4 to define the elements. 20,273 elements, of
the type CAX4, are created. Then, sets of nodes and elements are picked to be assigned material properties,
boundary conditions, contact constraints etc. The fiber matrix Temperature is an element set containing the
fiber and the matrix, to which the glass-transition and room temperatures are assigned later in the input file.
The fiber matrix interface is an example of a node set on which the contact conditions and output requests
are defined.
The following conditions constitute the initial step of the analysis. A rigid body constraint, named
vise rigid body, is applied on one node on the vise, after which the materials are defined, specifying their
Young’s modulus and Poisson’s ratio. The interaction properties section highlights the contact definition
created between the fiber and the matrix. It starts with the surface interaction statement, the numeral 1
after which indicates that the subsequent inputs are mechanical properties. After this, the cohesive failure
parameters are input. The parameters specified there are the ones predicted for the oxidized fiber samples.
The next surface interaction indicates the hard contact defined between the vise and the matrix, which is
again a mechanical property and is so denoted by the numeral 1 in the following line. The other properties
available are thermal and electrical.
In the Boundary conditions section, the encastre condition is defined on the reference point of the vise,
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while the glass-transition and room temperatures are specified on the fiber and the bead, in the predefined
fields. The fiber/matrix contact interaction is defined at the end of the initial step in which the small sliding,
the surface-to-surface contact conditions and the slave and master surfaces respectively, are defined. The
thermal and the pullout steps are defined in a similar fashion, specifying the respective conditions in these
steps. It must be noted that the pullout step is non-linear. Therefore, the maximum number of increments
(5000), the initial increment size (0.005), the time period (1), the maximum (0.015) and minimum increment
(1e-9) sizes are prescribed.
The downward displacement of 0.03mm is applied on the element set load edge. Contact controls are
defined in this simulation, but are not used. Once the output requests are submitted, the step ends after
which the input file can be submitted for analysis. The next chapter gives an overall idea of the input file
for the cruciform test.
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*Heading 
 
** Job name: s_3_oxid_remeshed Model name: meniscusModel2_remeshed 
 
** Generated by: Abaqus/CAE 6.13-2 
 
*Preprint, echo=NO, model=NO, history=NO, contact=NO 
 
** 
 
** PARTS 
 
** 
 
*Part, name="fiber and matrix and vise" 
 
*End Part 
 
**   
 
** 
 
** ASSEMBLY 
 
** 
 
*Assembly, name=Assembly 
 
**   
 
*Instance, name="fiber and matrix and vise-1", part="fiber and matrix and vise" 
 
*Node 
 
      1,     0.009571, -0.0349100009 
 
      2,     0.009571, -0.0359130017 
 
      3, 0.0390000008, -0.0359130017 
 
      4, 0.0390000008, -0.0349100009 
 
      5,     0.009571, -0.0399099998 
 
      --------------------------------------------------------------------------------- 
  21212, 0.0218085572, -0.000202813841 
 
  21213, 0.0221387129, -0.000203292802 
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  21214, 0.0224688668, -0.000203771779 
 
  21215, 0.0227990225, -0.00020425074 
 
  21216, 0.0231291782, -0.000204729717 
 
*Element, type=CAX4 
 
 1,  1, 11, 62, 30 
 
 2, 11,  2, 12, 62 
 
 3, 30, 62, 63, 29 
 
 4, 62, 12, 13, 63 
 
 5, 29, 63, 64, 28 
 
  
 
 
20719, 21212, 21213,   943,   942 
 
20720, 21213, 21214,   944,   943 
 
20721, 21214, 21215,   945,   944 
 
20722, 21215, 21216,   946,   945 
 
20723, 21216,  1345,  1477,   946 
 
*Nset, nset=_PickedSet2, internal, generate 
 
 134,  593,    1 
 
*Elset, elset=_PickedSet2, internal, generate 
 
 112,  475,    1 
 
*Nset, nset=_PickedSet3, internal, generate 
 
   594,  21216,      1 
 
*Elset, elset=_PickedSet3, internal, generate 
 
   476,  20723,      1 
 
*Nset, nset=_PickedSet4, internal, generate 
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   1,  133,    1 
 
*Elset, elset=_PickedSet4, internal, generate 
 
   1,  111,    1 
 
** Section: vise section 
 
*Solid Section, elset=_PickedSet4, material="vise material" 
 
, 
 
** Section: fiber section 
 
*Solid Section, elset=_PickedSet2, material=C-fiber 
 
, 
 
** Section: matrix section 
 
*Solid Section, elset=_PickedSet3, material=epoxy_matrix 
 
, 
 
*End Instance 
 
**   
 
*Node 
 
      1, 0.0242855009, -0.0349100009,           0. 
 
*Nset, nset=fiber_matrix_Temperature, instance="fiber and matrix and vise-1", generate 
 
   134,  21216,      1 
 
*Elset, elset=fiber_matrix_Temperature, instance="fiber and matrix and vise-1", generate 
 
   112,  20723,      1 
 
*Nset, nset=fiber_matrix_interface, instance="fiber and matrix and vise-1" 
 
  658,  659,  660,  661,  662,  663,  664,  665,  666,  667,  668,  669,  670,  671,  672,  673 
 
  674,  675,  676,  736,  737,  738,  739,  740,  741,  742,  743,  744,  745,  746,  747,  748 
 
   
  --------------------------------------------------------------------------------------------------------- 
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 1155, 1156, 1157, 1158, 1159, 1160, 1161, 1162, 1163, 1164, 1165, 1166, 1167, 1168, 1169, 1170 
 
 1171, 1172, 1173, 1174, 1175, 1176, 1180, 1350, 1356, 1483, 1484 
 
*Nset, nset="load edge", instance="fiber and matrix and vise-1" 
 
 136, 137, 231, 232, 233 
 
*Elset, elset="load edge", instance="fiber and matrix and vise-1", generate 
 
 472,  475,    1 
 
*Nset, nset="load edge nodes", instance="fiber and matrix and vise-1" 
 
 136, 137, 231, 232, 233 
 
*Nset, nset="matrix edge_nodes", instance="fiber and matrix and vise-1" 
 
  594,  595,  596,  597,  598,  599,  600,  601,  602, 1478, 1479, 1480, 1481, 1482, 1484, 1485 
 
 1486, 1487, 1488, 1489, 1490, 1491, 1492, 1493, 1494, 1495, 1496, 1497, 1498, 1499, 1500, 1501 
 
 1502, 1503, 1504, 1505, 1506, 1507, 1508, 1509, 1510, 1511, 1512, 1513, 1514, 1515, 1516, 1517 
 
 1518, 
 
*Nset, nset=vise_rigidbody, instance="fiber and matrix and vise-1", generate 
 
   1,  133,    1 
 
*Elset, elset=vise_rigidbody, instance="fiber and matrix and vise-1", generate 
 
   1,  111,    1 
 
*Nset, nset=_PickedSet199, internal 
 
 1, 
 
*Nset, nset=_PickedSet200, internal 
 
 1, 
 
*Elset, elset="_fiber interface_S4", internal, instance="fiber and matrix and vise-1", generate 
 
 112,  472,    4 
 
*Surface, type=ELEMENT, name="fiber interface" 
 
"_fiber interface_S4", S4 
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 *Elset, elset="_matrix edge_S2", internal, instance="fiber and matrix and vise-1", generate 
 
 10855,  11543,     16 
 
*Elset, elset="_matrix edge_S4", internal, instance="fiber and matrix and vise-1", generate 
 
 10600,  10648,     16 
 
*Surface, type=ELEMENT, name="matrix edge" 
 
"_matrix edge_S2", S2 
 
"_matrix edge_S4", S4 
 
*Elset, elset="_matrix interface_S1", internal, instance="fiber and matrix and vise-1" 
 
   476,   477,   478,   479,   716,   717,   718,   719,   720,   721,   722,   723,   724,   725,   726,   727 
 
   728,   729,   730,   731, 10840, 10841, 10842, 10843, 10844, 10845, 10846, 10847, 10848, 10849, 
10850, 10851 
 
 10852, 10853, 10854, 10855 
 
*Elset, elset="_matrix interface_S2", internal, instance="fiber and matrix and vise-1" 
 
  1479,  1539,  1599,  1659,  1719,  1779,  1839,  1899,  1959,  2019,  2079,  2139,  2199,  2259,  2319,  
2379 
 
  –----------------------------------------------------------------------------------------------------------------- 
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 10119, 10179, 10239, 10299, 10359, 10419, 10479, 10539, 10599, 10707, 10751, 10795, 10839 
 
*Elset, elset="_matrix interface_S4", internal, instance="fiber and matrix and vise-1", generate 
 
 11544,  20664,     60 
 
*Surface, type=ELEMENT, name="matrix interface" 
 
"_matrix interface_S1", S1 
 
"_matrix interface_S2", S2 
 
"_matrix interface_S4", S4 
 
*Elset, elset="_vise edge_S4", internal, instance="fiber and matrix and vise-1", generate 
 
  1,  19,   2 
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*Elset, elset="_vise edge_S2", internal, instance="fiber and matrix and vise-1" 
 
  86,  87,  91,  95,  99, 103, 107, 111 
 
*Surface, type=ELEMENT, name="vise edge" 
 
"_vise edge_S4", S4 
 
"_vise edge_S2", S2 
 
** Constraint: vise_rigid body 
 
*Rigid Body, ref node=_PickedSet199, elset=vise_rigidbody 
 
*End Assembly 
 
**  
 
** MATERIALS 
 
**  
 
*Material, name=C-fiber 
 
*Elastic 
 
231000., 0.2 
 
*Expansion 
 
 2e-06, 
 
*Material, name=epoxy_matrix 
 
*Elastic 
 
2500., 0.4 
 
*Expansion 
 
 8.2e-05, 
 
*Material, name="vise material" 
 
*Elastic 
 
190000., 0.265 
 
**  
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 ** INTERACTION PROPERTIES 
 
**  
 
*Surface Interaction, name=fiber&matrixcontact 
 
1., 
 
*Friction, slip tolerance=0.005 
 
 0.45, 
 
*Cohesive Behavior 
 
8000.,8000.,   0. 
 
*Damage Initiation, criterion=MAXS 
 
56.,56., 0. 
 
*Damage Evolution, type=DISPLACEMENT 
 
 0.0098, 
 
*Surface Interaction, name=vise&matrixcontact 
 
1., 
 
*Surface Behavior, no separation, pressure-overclosure=HARD 
 
**  
 
** BOUNDARY CONDITIONS 
 
**  
 
** Name: fixed_rigidbody Type: Symmetry/Antisymmetry/Encastre 
 
*Boundary 
 
_PickedSet200, ENCASTRE 
 
**  
 
** PREDEFINED FIELDS 
 
**  
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** Name: cured temperature   Type: Temperature 
 
*Initial Conditions, type=TEMPERATURE 
 
fiber_matrix_Temperature, 149. 
 
**  
 
** INTERACTIONS 
 
**  
 
** Interaction: fiber_matrixinteraction 
 
*Contact Pair, interaction=fiber&matrixcontact, small sliding, type=SURFACE TO SURFACE, 
adjust=fiber_matrix_interface 
 
"matrix interface", "fiber interface" 
 
** Interaction: vise&matrix contact 
 
*Contact Pair, interaction=vise&matrixcontact, small sliding, type=SURFACE TO SURFACE 
 
"matrix edge", "vise edge" 
 
** ---------------------------------------------------------------- 
 
**  
 
** STEP: thermal step 
 
**  
 
*Step, name="thermal step", nlgeom=NO 
 
*Static 
 
1., 1., 1e-05, 1. 
 
**  
 
** PREDEFINED FIELDS 
 
**  
 
** Name: room temperature   Type: Temperature 
 
*Temperature 
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fiber_matrix_Temperature, 23. 
 
**  
 
** INTERACTIONS 
 
**  
 
** Interaction: vise&matrix contact 
 
*Model Change, type=CONTACT PAIR, remove 
 
"matrix edge", "vise edge" 
 
**  
 
** OUTPUT REQUESTS 
 
**  
 
*Restart, write, frequency=0 
 
**  
 
** FIELD OUTPUT: F-Output-1 
 
**  
 
*Output, field 
 
*Node Output 
 
U,  
 
*Element Output, directions=YES 
 
E, MISES, S, THE 
 
**  
 
** HISTORY OUTPUT: H-Output-1 
 
**  
 
*Output, history 
 
*Node Output, nset=fiber_matrix_interface 
 
RF2, U2 
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 *End Step 
 
** ---------------------------------------------------------------- 
 
**  
 
** STEP: pullout step 
 
**  
 
*Step, name="pullout step", nlgeom=YES, inc=5000 
 
displacement is applied 
 
*Static 
 
0.005, 1., 1e-09, 0.015 
 
**  
 
** BOUNDARY CONDITIONS 
 
**  
 
** Name: pullout displacement Type: Displacement/Rotation 
 
*Boundary 
 
"load edge", 2, 2, -0.03 
 
**  
 
** INTERACTIONS 
 
**  
 
** Contact Controls for Interaction: fiber_matrixinteraction 
 
*Contact Controls, master="fiber interface", slave="matrix interface", reset 
 
** Interaction: vise&matrix contact 
 
*Model Change, type=CONTACT PAIR, add 
 
"matrix edge", "vise edge" 
 
**  
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** OUTPUT REQUESTS 
 
**  
 
*Restart, write, frequency=0 
 
**  
 
** FIELD OUTPUT: F-Output-1 
 
**  
 
*Output, field 
 
*Node Output 
 
U,  
 
*Element Output, directions=YES 
 
E, MISES, S, THE 
 
**  
 
** FIELD OUTPUT: pullout field output 
 
**  
 
*Node Output 
 
RF, RM, RT, U, UT 
 
**  
 
** HISTORY OUTPUT: H-Output-1 
 
**  
 
*Output, history 
 
*Node Output, nset=fiber_matrix_interface 
 
RF2, U2 
 
**  
 
** HISTORY OUTPUT: H-Output-pullout 
 
**  
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 *Node Output, nset="load edge nodes" 
 
RF2, U2 
 
*Contact Output, nset="load edge nodes" 
 
CSDMG,  
 
*End Step 
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Appendix D
ABAQUS [2] input file of cruciform
test
This chapter gives a bird’s eye view of the format of the ABAQUS [2] input file for the cruciform test. The
file starts with the heading which has the name given to the job in the ABAQUS [2] CAE. This helps in
identifying the simulation and keeping a reference of it. The heading is followed by a description of the parts
generated in the simulation. This is a section to define the geometry and the number of parts in it, their
names and descriptions, if any.
The parts section is followed by the assembly section, which has the information about the nodes and
their locations within the geometry. Since the cruciform test involves 3D geometries, the nodes have three
coordinates each. Once the nodal coordinates are defined, the geometric linking between the nodes is
described, and the element type defined. This tells ABAQUS [2] the geometric formation created from the
nodes and the type of elements assigned to the geometry in the mesh. It must be noted that the nodal
coordinates for the face-sheet geometry, and the geometric association of these nodes are separate from
those of the cruciform geometry, as they are modeled as separate parts. But the fiber is created as a section
out of the cruciform. So the fiber and its nodes are described as a single section, and not a separate part.
It must be noted that the fiber section is assigned transversely isotropic material properties for which, an
orientation is required to be specified. The X-direction is given as the 1-1 direction (which was the fiber
direction) while the Y-direction is given as the 2-2 direction.
Once the nodal definition is done, material assignment is specified by creating sections. The fiber,
the matrix and the grip sections are created with properties of the fiber, the matrix and the metal grip,
respectively. These sections are assigned to the hitherto created element sets. It is required to create sets
of geometries, elements and nodes to perform tasks like assigning boundary conditions and constraints,
temperature fields, applying displacements or forces, etc. Subsequent sections of the input file show the
creation of these node sets and element sets. It may be noted that a tie constraint is applied between two
such surfaces, which are geometric sets, with the cruciform surface as the slave and the face-sheet surface
as the master. This finishes the assembly section.
This section defines the materials assigned to the sections and the geometries in the analysis, followed by
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the boundary conditions. A symmetry/encastre boundary condition is applied on the surfaces of the cruciform
which is followed by the predefined fields. In this section, temperatures are applied to the geometries to
simulate the thermal curing process. The step command describes how the thermal curing is to be simulated.
It is created as a linear process, with the time period, the initial, the minimum and the maximum increment
sizes for the step. This parameters are specified for the pullup step as well. Then, the output requests are
specified. Two types of outputs, a field output and a history output can be requested from each step. In
addition, a number of node sets can be selected for each step and output requests specific to those node sets
can also be requested. Once the requests are specified, the end step command ends the step and enables,
either the creation of the next step, or the end of the input file. This is a broad explanation of the ABAQUS
[2] input file.
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*Heading 
** Job name: graphite_cform_vfin_alfasteel_epoxy Model name: grip_nrgd_linans_veryfine_mesh 
** Generated by: Abaqus/CAE 6.13-2 
*Preprint, echo=NO, model=NO, history=NO, contact=NO 
** 
** PARTS 
** 
*Part, name="epoxy cruciform" 
*End Part 
**   
*Part, name="metal grip" 
*End Part 
**   
** 
** ASSEMBLY 
** 
*Assembly, name=Assembly 
**   
*Instance, name="epoxy cruciform-1", part="epoxy cruciform" 
*Node 
      1,   7.55000019,  0.224999994,  0.159999996 
      2,   7.55000019,  0.224999994,           0. 
      3,           0.,  0.224999994,  0.159999996 
      4,           0.,  0.224999994,           0. 
      5,           0., 0.00355000002,           0. 
       
-------------------------------------------------------------------------------------------------------- 
155256,   3.86937499, 0.00853692368,  0.131740212 
 
*Element, type=C3D8R 
   1, 2937,  212, 2209, 4519,  391,    8,  386, 2872 
   2, 4519, 2209, 2210, 4520, 2872,  386,  385, 2873 
   3, 4520, 2210, 2211, 4521, 2873,  385,  384, 2874 
   4, 4521, 2211, 2212, 4522, 2874,  384,  383, 2875 
   5, 4522, 2212, 2213, 4523, 2875,  383,  382, 2876 
    
---------------------------------------------------------------------------------- 
143330,  46631,  22090,  38104,  39950, 155256,  22489,  21699,  44329 
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 *Nset, nset=_PickedSet13, internal 
    5,    6,    7,    8,    9,   10,  195,  196,  197,  198,  199,  200,  201,  202,  203,  204 
  205,  206,  207,  208,  209,  210,  211,  212,  213,  214,  215,  216,  217,  218,  219,  220 
  221,  222,  223,  224,  225,  226,  227,  228,  229,  230,  231,  232,  233,  234,  235,  236 
  237,  238,  239,  240,  241,  242,  243,  244,  245,  246,  247,  248,  249,  250,  251,  252 
   
------------------------------------------------------------------------------------ 
9552, 9553, 9554, 9555, 9556, 9557, 9558 
 
*Elset, elset=_PickedSet13, internal, generate 
    1,  6640,     1 
*Nset, nset=_PickedSet14, internal 
      1,      2,      3,      4,      5,      6,      7,      8,     11,     12,     13,     14,     15,     16,     17,     18 
     19,     20,     21,     22,     23,     24,     25,     26,     27,     28,     29,     30,     31,     32,     33,     34 
      
----------------------------------------------------------------------------------------- 
155253, 155254, 155255, 155256 
 
*Elset, elset=_PickedSet14, internal, generate 
   6641,  143330,       1 
*Orientation, name=Ori-1 
1., 0., 0., 0., 1., 0. 
1, 0. 
** Section: fiber section 
*Solid Section, elset=_PickedSet13, orientation=Ori-1, material="graphite fiber" 
, 
** Section: matrix section 
*Solid Section, elset=_PickedSet14, material="epoxy cruciform" 
, 
*End Instance 
** 
*Instance, name="metal grip-1", part="metal grip" 
-8.88178419700125e-16,           0.,         0.16 
*Node 
      1,           0.,    4.4000001,  0.159999996 
      2,  0.300000012,    4.4000001,  0.159999996 
      3,  0.600000024,    4.4000001,  0.159999996 
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      4,  0.899999976,    4.4000001,  0.159999996 
      5,   1.20000005,    4.4000001,  0.159999996 
------------------------------------------------------------------------------------------------------------------ 
2453,    2.0999999,   5.44000006, 0.0159999989 
 
*Element, type=C3D8R 
  1, 259, 176, 633, 529, 207, 304, 335, 334 
  2, 176, 215, 634, 633, 304, 106, 296, 335 
  3, 215, 260, 635, 634, 106, 308, 279, 296 
  4, 260, 261, 636, 635, 308, 255, 105, 279 
  5, 261, 141, 637, 636, 255, 233, 136, 105 
  --------------------------------------------------------------------------------------------------------------------- 
1910,   89,   90,   99,   98, 2453, 1474, 1084, 1067 
*Nset, nset=_PickedSet2, internal, generate 
    1,  2453,     1 
*Elset, elset=_PickedSet2, internal, generate 
    1,  1910,     1 
** Section: grip section 
*Solid Section, elset=_PickedSet2, material=steel 
, 
*End Instance 
** 
*Nset, nset="cruciform surface nodes", instance="epoxy cruciform-1" 
 10790, 12484, 12512, 12522, 12523, 12539, 12543, 12552, 12555, 12558, 12561, 12588, 12600, 12627, 
12636, 12641, 18262, 18264, 18267, 18268, 18269, 18270, 18275, 18276, 18277, 18278, 18279, 18280,  
-------------------------------------------------------------------------------------------------------- 
20587, 20592, 20597, 20600, 20601, 20604, 20609, 20610, 20614, 20618, 20622, 20628, 20633, 20634, 
20635 
*Nset, nset="fiber matrix interface", instance="epoxy cruciform-1" 
    5,    6,    7,    8,  195,  196,  197,  198,  199,  200,  201,  202,  203,  204,  205,  206 
  207,  208,  209,  210,  211,  212,  213,  214,  215,  216,  217,  218,  219,  220,  221,  222 
  223,  224,  225,  226,  227,  228,  229,  230,  231,  232,  233,  234,  235,  236,  237,  238 
  ----------------------------------------------------------------------------------------------------------- 
2853, 2854, 2855, 2856, 2857, 2858, 2859, 2860, 2861, 2862, 2863, 2864, 2865, 2866, 2867, 2868 
 2869, 2870, 2871 
*Nset, nset="grip surface nodes", instance="metal grip-1" 
   91,   92,   93,   94,   95,   96,   97,   98,   99,  105,  106,  110,  113,  114,  115,  118 
  119,  120,  121,  136,  143,  151,  152,  153,  154,  155,  158,  184,  186,  192,  198,  199 
94
  206,  207,  211,  212,  218,  232,  233,  237,  244,  246,  248,  249,  250,  255,  256,  257 
  ----------------------------------------------------------------------------------------------- 
1119, 1120, 1126, 1127, 1128, 1129, 1131, 1134, 1139, 1141, 1144, 1146, 1147, 1150, 1159 
 
*Nset, nset="pullup face nodes", instance="metal grip-1" 
 1071, 1073, 1076, 1078, 1080, 1085, 1088, 1089, 1091, 1096, 1098, 1099, 1100, 1101, 1106, 1107 
 1108, 1113, 1115, 1116, 1117, 1121, 1122, 1127, 1129, 1130, 1134, 1135, 1138, 1139, 1141, 1145 
------------------------------------------------------------------------------------------------------------------ 
1220, 1221, 1222 
 
*Nset, nset=_PickedSet473, internal, instance="metal grip-1" 
 1071, 1073, 1076, 1078, 1080, 1085, 1088, 1089, 1091, 1096, 1098, 1099, 1100, 1101, 1106, 1107 
 1108, 1113, 1115, 1116, 1117, 1121, 1122, 1127, 1129, 1130, 1134, 1135, 1138, 1139, 1141, 1145 
------------------------------------------------------------------------------------------------------------------ 
1220, 1221, 1222 
*Elset, elset=_PickedSet473, internal, instance="metal grip-1", generate 
 711,  790,    1 
 
*Nset, nset=_PickedSet474, internal, instance="epoxy cruciform-1" 
     2,     4,     5,     8,     9,    10,    37,    38,    39,    40,    41,    42,    43,    44,    45,    46 
    47,    48,    49,    50,    51,    52,    53,    54,    55,    56,    57,    58,    59,    60,    61,    62 
        --------------------------------------------------------------------------------------------------------------------- 
35220, 35221, 35222, 35223, 35224, 35225, 35226, 35227, 35228, 35229, 35230, 35231, 35232, 35233 
 
*Elset, elset=_PickedSet474, internal, instance="epoxy cruciform-1" 
      1,     14,     27,     40,     53,     66,     79,     92,    105,    118,    131,    144,    157,    170,    183,    196 
    209,    222,    235,    248,    261,    274,    287,    300,    313,    326,    339,    352,    365,    378,    391,    404 
    ---------------------------------------------------------------------------------------------------------------- 
125272, 125275, 125278, 125281, 125284, 125287, 125290 
 
 
*Nset, nset=_PickedSet475, internal, instance="epoxy cruciform-1" 
     6,     7,     9,    10,   291,   292,   293,   294,   295,   296,   297,   298,   299,   300,   301,   302 
   303,   304,   305,   306,   307,   308,   309,   310,   311,   312,   313,   314,   315,   316,   317,   318 
------------------------------------------------------------------------------------------------ 
39834, 39835, 39836, 39837 
*Elset, elset=_PickedSet475, internal, instance="epoxy cruciform-1" 
    525,    530,    535,    540,    545,    550,    555,    560,    565,    570,    575,    580,    585,    590,    595,    600 
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    605,    610,    615,    620,    625,    630,    635,    640,    645,    650,    655,    660,    665,    670,    675,    680 
    ------------------------------------------------------------------------------------------------------- 
143165, 143180, 143195, 143210, 143225, 143240, 143255, 143270, 143285, 143300, 143315, 143330 
 
*Nset, nset=_PickedSet659, internal, instance="epoxy cruciform-1", generate 
      1,  155256,       1 
 
*Nset, nset=_PickedSet659, internal, instance="metal grip-1", generate 
    1,  2453,     1 
 
*Elset, elset=_PickedSet659, internal, instance="epoxy cruciform-1", generate 
      1,  143330,       1 
 
*Elset, elset=_PickedSet659, internal, instance="metal grip-1", generate 
    1,  1910,     1 
 
*Nset, nset=_PickedSet660, internal, instance="epoxy cruciform-1" 
     3,     4,     5,     6,    10,    24,    25,    26,    27,    28,    29,    30,    31,    32,    33,    34 
    ------------------------------------------------------------------------------------------------------- 
36688, 36689, 36690, 36691, 36692, 36693, 36694 
 
*Nset, nset=_PickedSet660, internal, instance="metal grip-1" 
    1,   10,   19,   28,   37,   46,   55,   64,   73,   82,   91,  103,  106,  109,  122,  123 
  124,  125,  126,  138,  140,  141,  144,  145,  146,  156,  161,  162,  163,  167,  168,  171 
  ----------------------------------------------------------------------------------------------------------------------- 
1346, 1347, 1348 
 
*Elset, elset=_PickedSet660, internal, instance="epoxy cruciform-1" 
   3360,   3400,   3440,   3480,   3520,   3560,   3600,   3640,   3680,   3720,   3760,   3800,   3840,   3841,   
3842,   3843,   3844,   3845,   4041,   4042,   4043,   4044,   4045,   4046,   4047,   4048,   4049,   4050,   ---
----------------------------------------------------------------------------------------------------------------------- 
119120, 119121, 119122, 119123, 119124, 119125, 119126, 119127, 119128 
 
*Elset, elset=_PickedSet660, internal, instance="metal grip-1" 
    1,    2,    3,    4,    5,    6,    7,    8,   57,   58,   59,   60,   61,   62,   63,   64 
  113,  114,  115,  116,  117,  118,  119,  120,  169,  170,  171,  172,  173,  174,  175,  176 
  --------------------------------------------------------------------------------------------------------- 
1783, 1791, 1799, 1807, 1815, 1823, 1831, 1839, 1847, 1855, 1863, 1871, 1879, 1887, 1895, 1903 
96
*Nset, nset=_PickedSet661, internal, instance="epoxy cruciform-1", generate 
      1,  155256,       1 
 
*Nset, nset=_PickedSet661, internal, instance="metal grip-1", generate 
    1,  2453,     1 
 
*Elset, elset=_PickedSet661, internal, instance="epoxy cruciform-1", generate 
      1,  143330,       1 
 
*Elset, elset=_PickedSet661, internal, instance="metal grip-1", generate 
    1,  1910,     1 
 
*Elset, elset="_cruciform surface_S4", internal, instance="epoxy cruciform-1" 
 17000, 17007, 17014, 17021, 17028, 17035, 17042, 17049, 17105, 17112, 17119, 17126, 17133, 17140, 
17147, 17154, 17161, 17168, 17175, 17182, 17189, 17196, 17203, 17210, 17217, 17224, 17231, 17238, -
------------------------------------------------------------------------------------------------------------ 
17385, 17392, 17399, 17406, 17413, 17420, 17427, 17434, 17441, 17448, 17455, 17462, 17469, 17476, 
17483, 17490 
 
*Elset, elset="_cruciform surface_S3", internal, instance="epoxy cruciform-1" 
 14817, 14818, 14819, 14820, 14821, 14822, 14823, 14824, 14929, 14930, 14931, 14932, 14933, 14934, 
--------------------------------------------------------------------------------------------------------------------- 
16385, 16386, 16387, 16388, 16389, 16390, 16391, 16392, 17050, 17051, 17052, 17053, 17054, 17055,  
 
*Surface, type=ELEMENT, name="cruciform surface" 
"_cruciform surface_S4", S4 
"_cruciform surface_S3", S3 
 
*Elset, elset="_grip surface_S2", internal, instance="metal grip-1" 
   1,   2,   3,   4,   5,   6,   7,   8,   9,  10,  11,  12,  13,  14,  15,  16 
----------------------------------------------------------------------------------------------------------- 
321, 322, 323, 324, 325, 326, 327 
*Elset, elset="_grip surface_S5", internal, instance="metal grip-1" 
  783,  784,  785,  786,  787,  788,  789,  790,  863,  864,  865,  866,  867,  868,  869,  870 
------------------------------------------------------------------------------------------------------------ 
1903, 1904, 1905, 1906, 1907, 1908, 1909, 1910 
*Surface, type=ELEMENT, name="grip surface" 
"_grip surface_S2", S2 
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"_grip surface_S5", S5 
** Constraint: Constraint-1 
*Tie, name=Constraint-1, adjust=yes, type=SURFACE TO SURFACE 
"cruciform surface", "face-sheet surface" 
*End Assembly 
* MATERIALS 
**  
*Material, name="epoxy cruciform" 
*Elastic 
2500., 0.4 
*Expansion 
 7.5e-05, 
*Material, name="graphite fiber" 
*Elastic, type=ENGINEERING CONSTANTS 
220000., 19500., 19500.,   0.28,   0.28,   0.45, 55000., 55000. 
 6724.1, 
*Expansion, type=ORTHO 
 -4e-08, 1.1e-05, 1.1e-05 
------------------------------------------------------------------------------------------------------- 
** BOUNDARY CONDITIONS 
**  
** Name: xy-plane symmetry Type: Symmetry/Antisymmetry/Encastre 
*Boundary 
_PickedSet474, ZSYMM 
-------------------------------------------------------------------------------------------------------------- 
**  
** PREDEFINED FIELDS 
**  
** Name: cured temp   Type: Temperature 
*Initial Conditions, type=TEMPERATURE 
_PickedSet659, 149. 
** -------------------------------------------------------------------------------------------------------- 
**  
** STEP: thermal step 
**  
*Step, name="thermal step", nlgeom=NO 
*Static 
1., 1., 1e-05, 1. 
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**  
** PREDEFINED FIELDS 
**  
-------------------------------------------------------------------------------------------------------------- 
** OUTPUT REQUESTS 
**  
*Restart, write, frequency=0 
**  
** FIELD OUTPUT: F-Output-1 
**  
*Output, field 
*Element Output, directions=YES 
E, MISES, S, THE 
**  
** HISTORY OUTPUT: H-Output-1 
**  
*Output, history, frequency=0 
*End Step 
** ---------------------------------------------------------------- 
**  
** STEP: pullup step 
**  
*Step, name="pullup step", nlgeom=NO 
*Static 
1., 1., 1e-05, 1. 
**  
** BOUNDARY CONDITIONS 
**  
** Name: pullup displacement Type: Displacement/Rotation 
*Boundary 
_PickedSet473, 2, 2, 0.05 
** ----------------------------------------------------------------------------------------------------------------- 
** OUTPUT REQUESTS 
**  
*End Step 
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